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Gold nanoparticles are of interest in biomedical imaging applications due to their 
inert nature and ability to exhibit surface plasmon resonance. These phenomena can 
result in high near-infrared extinction (NIR) due to asymmetry or close interparticle 
spacings within gold structures, making these materials ideal for photoacoustic imaging. 
Using this imaging modality, these materials allow for high contrast compared to the 
body’s tissues which exhibit a transparent “window” between 700-1100 nm, making 
them perfect for early cancer detection. However many gold structures designed for this 
application fail to achieve high NIR-absorbance at the <5 nm sizes which are required for 
efficient kidney clearance. Therefore, we designed a system which assembles ~4 nm 
primary gold particles into closely-spaced clusters of controlled size using a 
biodegradable, weakly adsorbing polymer and balance of colloidal attractive and 
repulsive forces. Thus, when the polymer degrades in acidic environments – such as 
within cells – the residual charge on the primary particles leads to dissociation of the 
clusters back to renal-clearable constituents.  
Since proteins in the blood and cells can increase the diameter of the primary 
particles above the 5 nm threshold, nanoparticle surfaces were designed to have a mixture 
of charged and zwitterionic molecules to limit protein interactions through buried charges 
 viii 
and increased particle hydration. Strongly-bound, zwitterionic thiol-containing ligands 
were also investigated to resist the intracellular exchange of biomolecules which could 
compromise the clearable nature of the particles. These decorated nanoparticles were then 
assembled into clusters through one of two methods which varied either gold and 
polymer concentrations through evaporation, or particle charge via electrolyte addition 
prior to quenching by dilution in DI water.  Once assembled, clusters assembled with 
polymer showed dissociation behavior after incubation in pH 5 acidic solutions to mimic 
the cellular pH environment. In other cases, sintering of the gold nanoparticle clusters 
prevented such dissociation. This thesis demonstrates the ability to not only create 
biocompatible nanoparticle surfaces, but to establish control size control over nanocluster 
assemblies which are capable of being used as NIR contrast agents.  
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Chapter 1:  Introduction 
Reversible gold nanoparticle assemblies which exhibit high-NIR extinction are of 
interest in biomedical imaging and therapy.
1-5
 nanostructures as well as their ability to 
exhibit surface plasmon resonance (SPR)
6-7
,  has made these materials ideal candidates 
for use as in vivo contrast agents for detection of diseases such as cancer and 
atherosclerosis.
8-17
 These materials exploit the near infrared (NIR) window of the body – 
a region between 700-1100 nm where the body’s tissue absorbance is at a minimum 
(Figure 1.1).
18-19
 The SPR effect arises from the collective oscillations of the outermost 
electrons and gives rise to a high absorption of light in the NIR region.
7
 This allows the 
imaging of the nanomaterials with modalities such as photoacoustic (PA) measurements 
which detect thermal fluctuations from the nanoparticles as a result of NIR laser 
irradiation.
18
 The increased contrast from the nanoparticles allows for greater imaging 
penetration depth than most standard medical techniques.
20-23
 Additionally, irradiation 
with higher intensity NIR lasers can heat the materials enough to cause necrosis in 
surrounding tissues; a technique called photothermal therapy.
11, 24-25
 
Shifts the SPR peak to longer wavelengths, termed a “red-shift”, can occur due to 
changes in nanoparticle symmetry giving rise to formation of dipoles and higher-order 
multipoles in the material.
26-28
 This effect has been widely observed for numerous gold 











. However, with typical sizes > 30nm for high-NIR absorbance, these 
materials are well beyond the ~5.5 nm cutoff for efficient renal clearance.
34-37
 If not 
cleared through the kidneys, significant liver accumulation has been observed and 
clearance kinetics significantly decrease.
38
 Therefore materials used for in vivo imaging 
must be capable of dissociation to sub-5.5 nm sizes. 
 2 
High-NIR absorbance has also been shown for nanoparticle aggregates as a result 
of close interparticle spacings and accumulation of dipolar “hot spots” between 
nanoparticles within the structures.
24, 26, 39-40
 However to maintain a renally clearable size, 
nanoparticles must also prevent protein adsorption in the blood stream, as even a single 
protein can result in sizes too large for renal clearance. Additionally, high intracellular 
concentrations of strong-binding thiol molecules such as glutathione, GSH, can replace 
particle surface ligands leaving the particles susceptible to additional protein adsorption 
or aggregation.
41-42
 Therefore novel methods are required to achieve a multitude of goals: 
1) to design < 5 nm particle surfaces to prevent protein adsorption and resist GSH 
exchange; and 2) to assemble these nanoparticles into reversible, closely-spaced clusters 
(Figure 1.2). 
 
1.1 NANOPARTICLE SURFACE DESIGN 
The size of human serum albumin (HSA), the most common protein in serum, has 
an average diameter of ~ 8 nm.
43
 Therefore, adsorption of even a single HAS protein onto 
a ~ 4 nm primary particle can render it incapable of efficient renal clearance, preventing 
its use as a biomedical agent. A significant amount of research has been done on 
assembling protein resistant layers on surfaces and nanoparticles.
34, 44-47
 Neutral layers of 
PEG or other neutral ligands have widely been shown to prevent adsorption.48-49 
Whitesides et al. even showed that a neutral surface composed of a 1:1 mixture of 
positive and negative surface charges showed high resistance to fibrinogen adsorption on 
gold surfaces.
50
 Meanwhile polymeric zwitterionic molecules which contain both positive 
and negative charge, were also shown to prevent adsorption in an experiment 
nanoparticles.
44
 Dynamic light scattering (DLS) analysis showed no size increase was 
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shown for neutral, zwitterionic-capped particles. Meanwhile, evidence of protein 
adsorption for charged particles, as well as those conjugated with PEG was present. 
Similar combinations of low electrostatic attraction and the formation of a steric 
hydration layer around the hydrophilic surfaces have subsequently been shown to prevent 
protein-nanoparticle interactions.
51
   
While neutral surface coatings have generally been shown to reduce protein 
adsorption, the opposite is true for highly-charged single ligand surfaces. Gold 
nanoparticles capped with negatively-charged citrate or dihydrolipoic acid (DHLA) have 
widely been shown to attract significant amounts of protein.
34, 52-58
 Size increases of ~10 
nm were shown after incubation of citrate-capped nanoparticles, indicating adsorption of 
numerous proteins. Nanoparticle size has been shown to play a role in protein resistance 
as well.
59
 Recently, 2 nm GSH-capped gold particles were shown to prevent adsorption in 
10 % fetal bovine serum (FBS) as well as show highly efficient renal clearance despite 
carrying a negative surface charge.
36
 Furthermore, ligand orientation has been shown to 
play an important role as Stellaci et al. engineered mixed neutral (octanethiol) and 
negatively charged (mercaptoundecanesulfonate) surfaces which prevented protein 
adsorption with a -35 mV zeta potential.
60
 The interaction between distinct hydrophobic 
and hydrophilic regions on the particle surface resulting from the “striped” ligand pattern 
compared to a random orientation of ligands was attributed for the protein resistance. 
There is a significant discrepancy in techniques and methods used to detect 
protein adsorption onto nanoparticles.
57, 61-66
 Due to difficulties with protein scattering 
signals in techniques such as DLS, several studies incubate particles in dilute serum 
concentrations of 10% or less.
36, 60, 67
 However, Yang et al. demonstrated that charged 
gold nanoparticles which appeared to resist protein interactions in 10% FBS, adsorbed a 
large number in 100% FBS.
44-45








, or quartz crystal microbalance (QCM) analysis
65
 can be 
used at such concentrations; however do not provide single-protein adsorption sensitivity. 
Rotello et al. recently demonstrated an analysis method using a combination of DLS and 
centrifugation to attempt to identify nanoparticles with even small quantities of adsorbed 
proteins through measuring the size and density changes expected with nanoparticle 
attachment.
68 
This technique helped prove the protein resistance of HSA adsorption onto 
gold nanoparticles capped with zwitterions of varying hydrophobicity. 
In addition to preventing protein adsorption, a significant challenge for designing 
clearable particles is intracellular ligand exchange.
42
 Thiols are well known to bind more 
strongly to gold than any other functional group.
69-71
 Biological thiols, such as GSH, have 
been shown to be capable of exchange onto nanoparticle surfaces at ~10 mM 
concentrations found inside cells, which could impact the effectiveness of a pre-designed 
protein resistant surface.
42, 72
 Therefore using strongly-bound ligands which also resist 
proteins must be utilized. Additionally if these particles also allow their assembly into 
reversible, high-NIR clusters, these materials can be promising as clearable biomedical 
imaging contrast agents.  
 
1.2 COLLOIDAL ASSEMBLY OF NANOPARTICLE CLUSTERS  
Assemblies of nanoparticles are often mediated through specific interactions with 
materials such as DNA, alkane-thiols, peptides, or polymers.
73-80
 Typically, gold-binding 
functional groups on template materials act as tethers to bring two particles together. 
However significant amounts of template material remain after assembly preventing close 
interaprticle spacings and reducing the yield of particles within a cluster. Nanoparticle 




 Similar manipulation of particle debye length has been reported 
extensively in vitro through varying the pH and ionic strength of the solution.
82-91
 
Turkevich et al. demonstrated the tendency for 20 nm citrate-capped gold nanospheres to 
aggregate under increasing ionic strength. The size of the aggregates was shown to be 
dependent upon NaClO
4
 concentration and time.
92
 Cluster growth has also been 
controlled with addition of NaCl to 14 nm citrate and thioglycolic acid (TGA)-capped 
gold particles followed by removal of Na
+




Further control over nanoparticle aggregation has been shown through balancing 
the total colloidal interaction potentials as described in DLVO theory.
94
 Specifically, the 
balance of long-range repulsive and short-range attraction has led to clusters of controlled 
size. An in situ procedure showed CdSe nanoparticles self-assembled into clusters limited 
by the build-up of negative charges within the clusters arising from citrate ligands on 
particle surfaces.
95
 Similar behavior was seen for clusters made from premade primary 
particles. Pozzo et al. demonstrated size control through a balance of hydrophobic 
attraction between gold particles self-limited by increased steric repulsion from the 
addition of a high-molecular weight (MW) poly(ethylene glycol) (PEG).
96-97
 
Self-assembly equilibrium procedures have proven especially effective in organic 
solvents
83, 98-100
 due to lowered electrostatic repulsion as a result of the low dielectric 
constant, as is described by a free energy model.
101-102
 Meanwhile aqueous systems tend 
to show smaller, less stable clusters due to the increased Debye lengths.
97
 Still, ~100 nm 
protein nanoclusters were recently shown to form equilibrium assemblies in water with a 
pH around their isoelectric point and large vdW and depletion contributions from high 
concentrations of protein and non-specific crowder molecules.
103
 The nanocluster sizes 
were predicted using a free energy model and the clusters were shown to revert back to 
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monomer upon dilution indicated a fully equilibrium process. Such reversible behavior 
has not been observed for inorganic metal nanoparticles, especially with short ligands. 
Reversible gold nanoparticle aggregates shown in literature are typically capped with 
high-MW ligands as the increased sterics reduces the vdW potential which can trap 
closely-spaced nanoparticles in their aggregate formation.
86, 89, 104-109
 However Lim et al. 
has shown elevated temperature and time can overcome such barriers and allow 
reversibility for cysteine-capped gold nanoparticles at high pH.
85
 
Partial dissociation has been observed in vitro and in vivo within macrophage 
cells from clusters assembled from ~ 4 nm lysine/citrate-capped gold nanospheres.
3
 The 
clusters used solvent evaporation to increase attractive vdW and depletion forces to 
balance the electrostatic repulsion of the negatively-charged particles.
2
 A biodegradable 
PLA(1k)-PEG(10k)-PLA(1k) polymer was used to quench the nanocluster growth and 
prevent heteroaggregation between clusters. Upon hydrolysis of the PLA anchoring 
groups, the residual surface charge repelled the primary particles back into solution, 
suggesting a quasi-equilibrium approach.  This work was the basis for the studies 
presented in this thesis and chapter 3 will further build upon this concept. 
For use as biomedical contast agents, small (30-80 nm) gold nanoclusters must 
also be capable of achieving high-NIR extinction; a product of close interparticle 
spacings, asymmetry, and density of particles.
24, 26, 39-40, 42, 110
 Due to their small size and 
potential for incomplete coverage, citrate-capped particles are often used in high-NIR 
nanocluster assembly.
111-112
 Lysine, a molecule used extensively throughout this theis, 
has been shown to promote particle aggregation through electrostatic attractions between 
particles which typically leads to significant absorption in the NIR.
113-115
 However, most 
gold nanoparticle assemblies which achieve NIR produce clusters > 100 nm, well outside 
the optimal range to avoid the RES system.
93, 98, 115
 This is typically due to the use of 
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large (15-20 nm) primary particles which require several nanoparticles to achieve high-
NIR extinction, therefore increasing the cluster size.  Few studies have produced the 
desired optical properties from clearable primary particle aggregates
116
; and even fewer 
with reversible properties.
3
 Therefore this concept of assembling sub-5 nm gold 
nanoparticles into reversible, high-NIR absorbing clusters is further examined and 
extended in Chapters 3-5. 
 
1.2 OBJECTIVES 
Herein, this thesis details a novel set of methods for designing a high-NIR 
contrast agent material with the potential for efficient renal clearance. This is achieved 
first through the careful design of ~ 4 nm gold nanoparticle surfaces to prevent protein 
adsorption and resist exchange with intracellular thiols. This effect is shown through 
incubation of the particles in 100 % FBS and measured by DLS and centrifugation 
analysis. Next, these nanoparticles are assembled into closely-spaced nanoclusters 
through two different pathways. The first uses a balance of long-range electrostatic 
repulsion and short-range vdW and depletion attraction to control the cluster size and 
NIR absorbance properties. A second method utilizes pH manipulation to balance the 
electrostatic and vdW forces to bring the clusters into close contact. This system shows 
that by manipulating the particle charge, the citrate particles essentially self-assemble into 
clusters of controlled size based on a balance of electrostatic repulsion with vdW 
attraction.  In both cases, the clusters are stabilized against reversibility with a 
biodegradable, weakly-adsorbing PLA(1k)-PEG(10k)-PLA(1k) polymer. These synthesis 
procedures are shown to be versatile and compatible with a variety of ligand 
combinations, including cysteine/citrate. Thiolated ligands of varying length are also 
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shown to impact the interparticle spacings and shape of the nanoclusters as detailed with 
UV-vis-NIR, transmission electron microscopy (TEM), and small-angle x-ray scattering 
(SAXS) studies. Lastly, dissociation of the cluster assemblies is demonstrated via UV-vis 
and DLS analysis upon hydrolysis of the PLA under cellular pH 5 conditions.  
In chapter 2 of this dissertation, the design of protein-resistant nanoparticle 
surfaces will be detailed. Herein, we design charged ~5 nm Au nanospheres coated with 
binary mixed charge ligand monolayers that do not change in size upon incubation in 
pure fetal bovine serum (FBS) as measured by DLS. The mixed charge monolayers are 
comprised of anionic citrate ligands modified by place exchange with naturally-occurring 
amino acids: either cationic lysine or zwitterionic cysteine ligands. The zwitterionic tips 
of either the lysine or cysteine ligands interact weakly with the proteins and furthermore 
increase the distance between the “buried” charges closer to the Au surface and the 
interacting sites on the protein surface. To support the DLS analysis, further 
centrifugation studies are done, showing significantly less sediment for samples with less 
protein adsorption. 
Chapter 3 discusses a quenched-equilibrium approach to assemble Au 
nanoclusters of controlled size by tuning the colloidal interactions with a polymeric 
stabilizer, PLA(1k)-b-PEG(10k)-b-PLA(1k). The nanoclusters form upon mixing a 
dispersion of ~5 nm Au nanospheres with a polymer solution followed by partial solvent 
evaporation. A weakly adsorbed polymer quenches the equilibrium nanocluster size and 
provides steric stabilization. The <100 nm nanocluster sizes are tuned by experimentally 
varying the vdW and depletion attraction via final Au nanoparticle concentration and the 
polymer/Au ratio, respectively, along with the charge on the initial Au nanoparticle 
surface. Upon biodegradation of the quencher, the nanoclusters reversibly dissociate to 
individual ~5 nm primary particles. Equilibrium cluster size is predicted semi-
 9 
quantitatively with a free energy model that balances short-ranged depletion and van der 
Waals attractions with longer-ranged electrostatic repulsion, as a function of the Au and 
polymer concentrations. The close spacings of the Au nanoparticles in the clusters 
produce strong NIR extinction.  
A similar quenched-equilibrium assembly approach is utilized in chapter 4 for the 
assembly of the cysteine/citrate, protein-resistant nanoparticles detailed in chapter 2. 
However instead of varying vdW attraction through Au and polymer concentrations, the 
electrostatic repulsion is varied via pH and NaCl in addition to depletion attraction 
through solvent evaporation. Upon lowering the pH from 7 to 5 at a given salinity, the 
magnitude of the charge on the primary particles decreased, such that the weaker 
electrostatic repulsion increased the hydrodynamic diameter, and consequently, NIR 
extinction of the clusters. At a given pH, as the concentration of NaCl was increased, the 
NIR extinction decreased monotonically.  Furthermore, the greater screening of the 
charges on the nanoclusters weakened the interactions with PLA(1k)-b-PEG(10k)-b-
PLA(1k), and thus lowered the amount of adsorbed polymer on the nanocluster surface.  
The generalization of the concept of self-assembly of small NIR active nanoclusters to 
include a strongly bound thiol – capable of resisting GSH exchange - is important for 
these materials’ use as biomedical contrast agents. 
In chapter 5, evaporation is removed from the nanocluster process as controlled, 
electrostatically-driven assembly is shown. Small, 5 nm citrate-capped particles were 
assembled into branched nanochains with CaCl2 and more spherical nanoparticle clusters 
with NaCl by tuning the colloidal interactions. The electrostatic repulsion and the 
interparticle bridging attraction between the cations and citrate ligands were varied by 




 at pH 7 to form the nanoclusters at 
various times from 1 to 1800 s.  For very dilute Ca
2+
 and thus very thick double layers 
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around the particles, strong interparticle bridging resulted in small branched chains with 
lengths as short as 20 nm and strong NIR extinction out to 1100 nm. Furthermore, the 
bridging produced very small interparticle spacings leading to partial fusion that further 
increased the NIR extinction.  
Lastly, the structure of various nanoparticle clusters will be examined through 
TEM and SAXS analysis in appendix A. Nanoclusters made from primaries capped with 
lysine/citrate, cysteine/citrate, and GSH/citrate were studied. As each ligand differs in 
length and binding affinity for Au, the respective nanocluster structures for each system 
will be shown to be markedly distinct. Lysine/citrate is shown to grow into more linear 
chains, while cysteine/citrate are more spherical. GSH/Citrate clusters will show clear 
interparticle distances due to its long chain length. As a result, the NIR absorbance of the 
clusters decreases as the ligand length gets longer which is consistent with theory. My 
undergraduate Sai Gourisankar, who worked closely with me for four years, was 
responsible for authoring this work and it is published in its entirety in his honors thesis. 
 
1.4 WORK CREDITS 
 The studies detailed in chapters 2-4 were done in close collaboration with Dr. 
Avinash Murthy. Experimental design, data collection, and data analysis was completed 
by both Dr. Murthy and I; however the writing of these chapters was done entirely by Dr. 
Murthy. These chapters are also published in his doctoral thesis.
117
 Appendix A was 
authored by Sai Gourisankar, an undergraduate who worked closely with me over four 
years. Again, experimental design, data collection, and data analysis were a combination 
of both of our efforts, however this part of my thesis was written entirely by Gourisankar. 
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Chapter 2: Charged Gold Nanoparticles with Essentially Zero Serum 
Protein Adsorption in Undiluted Fetal Bovine Serum1  
 
The adsorption of even a single serum protein molecule on a gold nanosphere 
used in biomedical imaging may increase the size too much for renal clearance. Herein, 
we design charged ~5 nm Au nanospheres coated with binary mixed charge ligand 
monolayers that do not change in size upon incubation in pure fetal bovine serum (FBS). 
This lack of protein adsorption is unexpected given the Au surface is moderately charged. 
The mixed charge monolayers are comprised of anionic citrate ligands modified by place 
exchange with naturally-occurring amino acids: either cationic lysine or zwitterionic 
cysteine ligands. The zwitterionic tips of either the lysine or cysteine ligands interact 
weakly with the proteins  and furthermore increase  the distance between the “buried” 
charges closer to the Au surface and the interacting sites on the protein surface. The ~5 
nm nanospheres were assembled into ~20 nm diameter nanoclusters with strong NIR 
absorbance (of interest in biomedical imaging and therapy) with a biodegradable 
polymer, PLA(1k)-b-PEG(10k)-b-PLA(1k). Upon biodegradation of the polymer in 
acidic solution, the nanoclusters dissociated into primary ~5 nm Au nanospheres, which 
also did not adsorb any detectable serum protein in undiluted FBS. 
 
 
                                                 
1 Large parts of this chapter have been published as: Murthy, A.K.; Stover, R.J.; Hardin, W.G.; Schramm, 
R.; Nie, G.D.; Gourisankar, S.; Truskett, T.M.; Sokolov, K.V.; Johnston, K.P., Charged Gold Nanoparticles 
with Essentially Zero Serum Protein Adsorption in Undiluted Fetal Bovine Serum. Journal of the American 
Chemical Society 2013, 135, 7799-7802. 
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2.1 INTRODUCTION 
For  Au nanoparticles of interest in biomedical imaging, the hydrodynamic 
diameter (Dh) must be less than ~6 nm for efficient renal clearance.
1, 2
 As these 
nanoparticles are exposed to blood, the adsorption of even a single protein molecule on 
their surface, particularly the highly prevalent serum albumin (Dh = ~ 7 nm),
3, 4
 may 
increase the size too much for clearance. The adsorption of serum proteins on flat 
surfaces
5-9
 and curved nanoparticles
10-14
 coated with nonionic, zwitterionic, or charged 
ligands depends in a complex manner on the ligand orientation on the surface, charge, 
and hydrophobicity.
15-17
 Remarkably, precisely defined experiments to study renal 
clearance indicated that protein adsorption from 10% fetal bovine serum (FBS) was fully 
prevented for neutral (PEG) or zwitterionic (cysteine) ligands, but was high for charged 
anionic and cationic ligands such as dihydrolipoic acid (DHLA) and cysteamine, 
respectively.
1
 In numerous other studies, serum protein adsorption has been found to be 
relatively low on zwitterionic and nonionic surface coatings with zero net charge.
1, 7, 11, 13, 
18-21
 For example, zwitterionic peptide ligands on flat Au surfaces synthesized from equal 
amounts of lysine (q = +1) and glutamic acid (q = -1) were shown to adsorb minimal 
amounts (< 0.3 ng protein/cm
2
) of the model serum proteins lysozyme and fibrinogen.
8
 
Similar low adsorption levels of these proteins were found for flat Au surfaces tailored 
with  binary ligands with equal amounts of positive and negative charges.
5, 6
 The close 
spacings between the positive and negative charges on single zwitterionic ligands favor 
hydration and essentially zero protein adsorption on nanoparticles, as measured by 
dynamic light scattering (DLS).
11, 22
  
  For Au nanoparticles coated with charged ligands, electrostatic interactions, as 
well as charge-dipole interactions and specific interactions with hydrogen bond donor 
and acceptor sites raise adsorption, relative to nonionic and zwitterionic ligands.
1, 5, 23, 24
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However, the roles of net charge and the topology of charge on the Au and protein 
surfaces on adsorption are not well understood. For nanoparticles coated with highly 
charged citrate, DHLA, or cysteamine ligands, adsorption of serum proteins has been 
found to increase the Dh significantly,
 
on the order of 10 nm.
1, 25, 26
 For highly anionic 
citrate-capped Au nanoparticles with zeta potentials (ζ) of ~-40 mV, the Dh grew from 30 
to ~80 nm upon incubation in undiluted human plasma.
25
 Interestingly, very small ~3 nm 
highly charged Au nanospheres coated with glutathione (GSH), with two negative and 
one positive charge at neutral pH, were shown to clear efficiently through the kidneys.
2
 
While very low adsorption is typically measured with techniques such as gel 
electrophoresis,
27, 28
 surface plasmon resonance sensing,
6, 29
 and quartz crystal 
microbalance analysis,
30
 these techniques do not have the sensitivity to measure the 
adsorption at the single protein molecule level, as can be done by DLS
2, 10, 11, 22




  Although charged monolayers on nanoparticles composed of single ligands are 
not thought to resist protein adsorption,
1, 25, 26, 31
 relatively little is known about the 
behavior for binary and multicomponent mixed charge monolayers. For binary 
zwitterionic mixtures with equal amounts of cationic and anionic ligands, adsorption is 
very low.
5, 6, 8, 29
 However, mixed monolayers of charged ligands, such as peptides on Au 
composed of lysine and glutamic acid, bind significant amounts of proteins (> 50 ng/cm
2
) 
such as fibrinogen and lysozyme when the lysine to glutamic acid ratio deviates from 
unity and the surface becomes charged.
8
  Verma et al., however, reported that Au 
nanospheres with ordered “stripes” of anionic mercaptoundecanesulfonate (MUS) and 
nonionic octanethiol (OT) adsorbed nearly zero serum protein upon incubation in 10% 
serum, as shown by a negligible change in Dh via DLS, despite a highly negative ζ of ~-
35 mV.
10
 Here, the inhibition of protein adsorption was attributed to the close proximities 
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(~5 Å) of hydrophobic and hydrophilic groups on the nanosphere surface.
10, 32
 However, 
Yang et al. have demonstrated that Au nanoparticles and flat Au surfaces which do not 
adsorb protein in 10% human blood serum may adsorb significant amounts of protein in 
100% serum.
7, 11
 Novel concepts are required to determine if it is possible to form 
charged mixed monolayers for essentially zero protein adsorption, even in undiluted 
serum. 
  Herein, we design charged ~ 5 nm Au nanospheres that adsorb essentially zero 
protein from undiluted fetal bovine serum, as shown by a negligible increase in the Dh by 
dynamic light scattering.  The charged surfaces were tailored with binary ligand 
monolayers composed of two naturally occurring, relatively hydrophilic ligands, citrate 
(q = -3) and either cationic lysine (q = +1) or zwitterionic cysteine (q = 0).  The Au 
surface charge was tuned by place exchange of the citrate ligands with each amino acid, 
as characterized by the zeta potential and X-ray photoelectron spectroscopy (XPS).  
Relatively hydrophilic ligands were used to attempt to limit hydrophobic interactions that 
may increase adsorption.
12, 23, 33
 For pure citrate or highly charged mixed charge 
monolayers with high citrate levels, the Dh increased ~3 nm or more with protein 
adsorption. However, the change in Dh was negligible for lower citrate fractions, even for 
a moderate ζ of -22 mV in undiluted fetal bovine serum.  The zwitterionic tips of the 
lysine and cysteine ligands interact weakly with the protein and, furthermore, mitigate the 
interactions of the “buried” charges on the anchor groups at the Au surface. Upon 
assembly of the Au nanospheres into  ~20 nm nanoclusters of closely spaced primary 
particles, following an earlier methodology,
34-36
 they exhibited intense NIR extinction 
that is of interest in biomedical applications including photoacoustic imaging.
37
 Upon 
biodegradation of PLA(1k)-b-PEG(10k)-b-PLA(1k) on the surface of the nanoclusters, 
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they dissociated into the original ~5 nm constituent nanospheres, which will now be 




HAuCl4·3H2O was purchased from MP Biomedicals LLC (Solon, OH), and 
Na3C3H5O(COO)3 · 2H2O as well as NaBH4 were obtained from Fisher Scientific (Fair 
Lawn, NJ).  L-(+)-lysine and cysteine were acquired from Acros Chemicals (Morris 
Plains, NJ), and PLA(1k)-b-PEG(10k)-b-PLA(1k) was purchased from Sigma-Aldrich 
(St. Louis, MO).  Fetal bovine serum was obtained from Hyclone (Logan, UT). 
 
2.2.2 Synthesis of Citrate-Capped Primary Au Nanospheres 
Citrate-coated gold nanoparticles were synthesized by adapting a method 
described previously.
34
  Briefly, 3 L of deionized water was heated to ~97 °C. Aqueous 
solutions of 1% HAuCl4· 3H2O, 1% Na3C3H5O(COO)3 · 2H2O, and 0.075% NaBH4 in 
1% Na3C3H5O(COO)3 · 2H2O were prepared, and 30 mL of each solution was added 
successively in 1 min intervals while the solution was vigorously stirred. The gold 
nanoparticle solution was allowed to cool to room temperature and then was centrifuged 
in 250 mL centrifuge tubes at 10000 rpm for 10 min at 4 °C in order to remove ~100 ml 
of the 3 L  solution as large particles.  The remaining supernatant (~0.02 mg Au/ml) was 
then passed through a tangential flow filtration (TFF) device (Krosflo Research II, 
Spectrum Labs, Rancho Domingo, CA) using a polystyrene filter with a pore size of 10 
kDa and filter surface area of 1050 cm
2
 in order to remove water and excess reaction 
reagents.  The TFF process concentrated the gold solution to a concentration of ~1 
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mg/ml.   15 mL centrifugal filter devices with a 30000 Da MW cutoff (Ultracel YM-30, 
Millipore Co., Billerica, MA) were used to additionally concentrate gold particles by 
centrifuging the gold solution at 6000 rpm for 5 min to remove water through the filter.  
The concentration of the aqueous citrate-capped gold nanoparticle dispersion was then 
adjusted with DI water to 3.0 ± 0.1 mg/ml Au, as measured by FAAS. 
 
2.2.3 Place exchange with lysine and cysteine ligands 
The lysine place exchange of ligands was carried out by adding freshly prepared 
aqueous solutions of lysine (1% or 5% w/v) to dispersions of citrate-capped Au 
nanospheres at ambient temperature. The initial amount of citrate coated on the Au 
nanospheres was ~4% w/w citrate, measured by thermogravimetric analysis (TGA), as 
described below.  Given an Au concentration of 3 mg/ml, measured by FAAS, the citrate 
concentration was thus ~0.12 mg/ml. For a 4.5/1 lysine/citrate feed ratio, 50 μl of freshly 
prepared 1% (w/v) lysine was added to 1.2 ml of a ~3 mg/ml citrate-capped gold 
nanoparticle dispersion to form nanospheres. Here the addition of the basic lysine ligand 
increased the pH of the citrate-capped Au nanoparticle dispersion to pH ~8.3. For a 
lysine/citrate feed ratio of 9/1, 20 μl of 50 mg/ml (5%) aqueous lysine was added to 1.2 
ml of a ~3 mg/ml citrate-capped gold nanoparticle solution.  Here the pH of the 
dispersion increased from pH ~7 to pH ~8.8 upon adding the basic lysine ligand.  Place 
exchange reactions were also performed with cysteine ligands using a 1% (w/v) solution 
of cysteine. For the 0.3/1 cysteine/citrate ratio, 1.4 µl of aqueous cysteine was added to 
0.6 ml of a ~3 mg/ml citrate-capped Au nanosphere dispersion, and for the 0.7/1 
cysteine/citrate feed ratio, 3.2 µl of 1% cysteine was added to 0.6 ml of the citrate-capped 
Au nanosphere dispersion. In each ligand exchange reaction, the mixtures were stirred for 
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15 min at room temperature. Immediately after reaction, aliquots of the samples were 
diluted in DI water to a concentration of ~0.02-0.04 mg/ml and analyzed by dynamic 
light scattering (DLS) and zeta potential (ζ) analysis. The undiluted mixtures not used for 
DLS and ζ analysis were used to form nanoclusters as described below.  
 
2.2.4 Nanosphere Characterization 
After place exchange, nanospheres were analyzed by dynamic light scattering 
(DLS), ζ analysis, and thermogravimetric analysis (TGA), X-ray photoelectron 
spectroscopy (XPS) and UV-Vis-NIR spectroscopy.  DLS measurements were taken at a 
scattering angle of 45° using an avalanche photodiode at ~25 °C. DLS sample 
concentrations were adjusted such that the measured count rate was between 100 and 300 
kcps. Data were analyzed using a digital autocorrelator (Brookhaven BI-9000AT) and the 
CONTIN method. The Stokes-Einstein equation was then used in order to obtain a 
volume-weighted distribution of particle hydrodynamic diameters (Dh). For lysine/citrate 
nanospheres, the average of 3 separate samples is reported (as shown in Tables B.4-B.7), 
whereas for cysteine/citrate nanospheres, the average of 2 separate samples is reported 
(Tables B.4-B.7).  As a control experiment, DLS was conducted on pure FBS without any 
added Au nanospheres. The average Dh of pure FBS was 8.6 ± 5.2 nm, as shown in 
Figure B.3. Here, the average DLS count rate was 39 ± 6 kcps, substantially lower than 
the average count rate with added nanospheres (1.4 lysine citrate) of 257 ± 2 kcps. Thus, 
the vast majority of scattering for DLS comes from Au nanospheres, and we conclude 
that the DLS Dh distributions primarily reflect the sizes of Au nanospheres. As a result, 
we do not separately consider the different refractive indices and absorbance of the 
proteins and nanoparticles in the calculation of DLS volume-weighted Dh distributions.  
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Additionally, for 1.4 lysine/citrate and 1.6 cysteine/citrate nanospheres, the extremely 
small (~3% by volume) portion of the size distribution ~10 nm in size (Tables B.8 and 
B.9) may be attributed to the above scattering from the free protein, as this size agrees 
with the Dh distribution of pure FBS (Figure B.3). Due to the fact that Au nanospheres 
scatter 6 times more intensely than free proteins (as shown by count rate measurements), 
the free proteins in FBS provide only a small perturbation in the overall size distributions 
in the 5 to 10 nm range. The dynamic light scattering technique is particularly effective 
for particles smaller than 10 nm where the adsorption of a single protein molecule 
produces a significant change in hydrodynamic diameter. Future studies would be 
warranted with larger particle diameters and with other experimental techniques to 
determine the role of Au particle diameter and curvature.   
ζ analysis was performed using a Brookhaven ZetaPALS zeta potential analyzer, 
and the average and standard deviations of at least three measurements were reported. For 
lysine/citrate nanospheres, the average for 3 separate samples is reported in Table 3.1, 
whereas for cysteine/citrate nanospheres, the average of 2 separate samples is reported.  
Nanosphere samples were ultracentrifuged for 45 min at 45000 rpm in order to remove 
excess citrate and lysine ligands, and the resulting pellet was dried for XPS analysis. UV-
vis-NIR extinction spectra were measured with a Varian Cary 3E spectrophotometer with 
a path length of 1 cm.    
XPS was performed with a Kratos AXIS Ultra DLD spectrometer with a 
monochromatic Al X-ray source (Al α, 1.4866 eV). Elemental analysis was performed on 
the Au 4f, C 1s, N 1s, and O 1s regions with pass energies of 30 eV, 20 eV, 40 eV, and 
20 eV, respectively. A 0.1 eV step and a 4 s dwell time was used in all cases. Charge 
compensation was not used due to the conductivity of the samples. Peak positions and 
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areas were calculated using a Gaussian + Lorentzian fit and a Shirley background 
correction. 
 
2.2.5 Centrifugation to Support DLS Measurements 
Centrifugation of mixed monolayer nanosphere samples was performed after 
incubating samples in either 100% FBS or DI water. In a typical experiment, 50 ul of 3 
mg/ml Au nanosphere solution was incubated in 5 ml of either pure FBS or DI water for 
4 h at 37 °C. Samples were then centrifuged at 10000 rpm for 15 min in an Eppendorf 
5810R centrifuge in order to form a nanosphere pellet. The mass of Au in the pellet was 
then determined from FAAS in order to calculate the Au mass yield of each sample. 
 
2.2.6 Nanocluster Formation 
Immediately after 15 min of lysine place exchange, clusters of nanoparticles were 
formed with a procedure modified from our previous work.
34-36
 An aqueous 120 mg/ml 
solution of PLA(1k)-b-PEG(10k)-PLA(1k) was initially prepared. The 3 mg/ml 
lysine/citrate capped gold nanoparticle dispersion was diluted to 0.5 mg/ml with 
deionized water. 250 µl of the PLA(1k)-b-PEG(10k)-b-PLA(1k) solution was then added 
to 3 ml of the nanosphere dispersion in 5 iterations of 50 µl each over 10 min under 
vigorous stirring. After 10 min, this mixture was placed in a 19 x 48 mm glass vial, and 
the vial was placed in a 40 °C water bath and stirred using a magnetic stirrer. Using a 
small tube inserted into the vial, dried air was blown gently over the sample. The 
combination of water bath and airflow kept the sample temperature at 25 ± 3 °C, and the 
sample was evaporated to 50% of its original volume over ~40 min. After sample 
evaporation, cluster formation was terminated by adding 30 ml of DI water to the sample. 
 30 
The solution was then centrifuged at 10000 rpm for 10 min in order to separate 
unclustered and loosely-clustered particles from the dense gold nanoclusters. 
 
2.2.7 Nanocluster Characterization 
The morphology of nanoclusters was observed by transmission electron 
microscopy (TEM) performed on a FEI TECNAI G2 F20 X-TWIN TEM using a high-
angle annular dark-field detector. Samples were prepared by dipping 200 mesh copper-
coated carbon TEM grids (Electron Microscopy Sciences) into liquid nitrogen and then 
pipetting 5 µl of a dilute NC dispersion onto the grid.  The grid was then dried using a 
VirTis AdVantage tray lyophilizer (VirTis, Gardiner, NY).  Unless noted, the 
characterization techniques were the same as for the nanospheres.  The scattering angle 
for DLS was 90°.  Flame atomic absorption spectroscopy (FAAS) (GBC Scientific 
Equipment Pty Ltd., GBC 908AA) was used to determined Au concentrations of primary 
citrate-capped nanoparticles as well as gold nanoclusters.  Measurements were conducted 
at 242.8 nm using an air-acetylene flame on samples diluted in aqua regia to between 1 
ppm and 5 ppm of gold.       
 
2.2.8 Nanocluster Dissociation and Characterization 
After nanocluster formation, nanocluster dissociation was monitored by adding 
~100 μl of ~1 mg/ml nanocluster dispersion to 2 mL of pH 5 HCl to degrade the polymer.  
Addition of the nanocluster dispersion did not change the pH of the HCl solution from 
pH 5.  After incubation in pH 5 HCl for 48 h, nanoclusters dissociated to primary Au 
nanospheres, and these dissociated nanoclusters were characterized by UV-Vis-NIR 
spectroscopy and DLS. For DLS, the scattering angle was 45°. 
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2.2.9 Protein Adsorption Studies 
Mixed monolayer-capped nanospheres, as well as dissociated nanoclusters, were 
incubated in 100% fetal bovine serum (FBS) at a concentration of ~0.03 mg/ml Au at 37 
°C in a water bath for 4 h and subsequently characterized by DLS at a scattering angle of 
45°. 
 
2.3 RESULTS AND DISCUSSION 
In order to form the binary mixed charge monolayers on the surface of ~5 nm Au 
nanospheres, citrate-capped nanospheres were first synthesized and place exchange 
reactions were conducted with either lysine or cysteine ligands (schematically depicted in 
Figures 2.1a and 2.1b). In order to determine the final ligand ratio on the nanosphere 
surface, excess ligands were removed by ultracentrifugation, and XPS was conducted on 
the dried nanosphere pellet, as described in detail in the supplemental section. For 
lysine/citrate molar feed ratios from 4.5 to 9, place exchange led to final ligand ratios of 
0.5 to 1.4 according to XPS (Table 2.1, Figure B.1).  The initial Dh value of 4.3 ± 0.8 nm 
(Table 2.1) increased only slightly for both lysine/citrate ratios after place exchange 
(Table 2.1, Figure 2.1c). This result is expected given the very small difference in the size 
of these two ligands relative to the diameter of the Au core. The increase in the amount of 
lysine from lysine/citrate ratios of 0.5 to 1.4 raised the ζ to -28.9 ± 3.9 mV and -16.1 ± 
2.9 mV, compared with a strongly negative value of -58.4 ± 5.3 mV for pure citrate 
(Table 2.1). The ratios of each of these zeta potentials relative to that of citrate were 49 
and 28% in good agreement of estimated ratios of 56 and 22%, respectively, from the 
number of charges on the ligands and known ratio from XPS. (Table B.1, see Appendix B 
for calculations and for reproducibilities in Dh and ζ, Tables B.4-B.7) incubation. For the 
place exchange of citrate with zwitterionic cysteine, smaller feed ratios were used than 
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for lysine, given the stronger binding of the thiol group on cysteine to Au relative to the 
amino group on lysine. Again the increase in Dh was negligible (Table 2.1, Figure 2.1d).  
The final cysteine/citrate ligand ratios, as determined by XPS, were 1.0 and 1.6 for feed 
ratios of 0.3 and 0.7, respectively. (Table 2.1, Figure B.1), and the ζ values were -28.8 ± 
3.2 mV to -21.6 ± 1.7 mV.  The corresponding zeta potential ratios of 49 and 37% 
relative to pure citrate-coated nanospheres were in good agreement with the calculated 
ratios of 49 and 39%, respectively, from the stoichiometries via XPS (Table B.1). 
The resistance of the charged mixed monolayer nanospheres to serum protein 
adsorption was evaluated in 100% fetal bovine serum (FBS). Here, even adsorption of a 
single 7 nm BSA or 14 nm immunoglobulin G molecule,
4
 would produce a substantial 
change in Dh.  The adsorption of one BSA molecule would correspond to ~ 0.1 µg/cm
2
 
BSA, for a 5 nm Au nanosphere. For highly charged nanospheres with single ligands, the 
Dh increased significantly, by 16 nm for citrate-capped nanospheres (Table 2.1, Figure 
2.1c) and 13 nm for glutathione-capped nanospheres (Figure B.2). In control experiments 
with DLS reported in the supporting information, it was found that scattering from FBS 
solutions without added Au nanospheres was weak relative to the scattering by the Au 
nanospheres. For incubation in 100% FBS for lysine/citrate nanospheres with the lower 
ratio of 0.5, the Dh increased only modestly, by 3 nm as shown in Table 3.1.  With a 
greater lysine/citrate ratio of 1.4 and ζ of only -16.1 mV, serum protein adsorption was 
completely inhibited, as the change in Dh was less than 1 nm, within experimental error 
(Table 2.1, Figure 2.1c). Similar behavior was observed in the case of the cysteine/citrate 
mixed monolayers. For the lower cysteine/citrate ratio of 1.0, Dh increased only 4 nm 
(Table 2.1). For a larger ratio of 1.6, however, protein adsorption was completely 
inhibited, as the nanosphere Dh change from 3.4 ± 2.5 nm to 3.4 ± 2.7 nm was within 
experimental error (Table 2.1, Figure 2.1d). Remarkably, not a single protein molecule 
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was adsorbed, despite the substantial nanosphere surface charge (ζ = 21.6 ± 1.7 mV). If 
protein molecules adsorb they may produce aggregation of Au nanospheres; however, our 
DLS distributions did not reveal any aggregates in the 100 nm-1000 nm size range 
(Tables B.8 and B.9).   
To support the results by DLS, nanosphere sedimentation was measured in a 
centrifugal field. The Au yield by mass was measured in the pellet, after centrifugation 
for 15 min at 10000 rpm as described in the Experimental section.  For Au nanospheres 
in deionized water, the yield was ~ 20% (Appendix B) in each case. For the 1.6 
cysteine/citrate level a similar yield of 21% was observed in FBS consistent with the lack 
of protein adsorption.  However, for the ratio of 1.0 where the Dh increased to 8.8 nm, the 
yield in the pellet increased to 39% indicating the centrifugation technique was also 
highly sensitive to protein adsorption. A similar trend was observed for lysine/citrate 
nanospheres (see Appendix B). Thus, the DLS and sedimentation techniques provide 
complimentary evidence that the protein adsorption was neglible for the Au nanospheres 
coated with either cysteine/citrate or lysine/citrate ligands at the higher ratios. To our 
knowledge, this study presents the first examples of moderately charged gold 
nanospheres coated with binary mixed charge ligands that completely prevent serum 
protein adsorption in undiluted serum.  Furthermore, both ligands are naturally found in 
the body. 
The significant level of protein adsorption on citrate and GSH-capped 
nanospheres can be partially attributed to overall electrostatic interactions between 
negatively charged nanosphere surfaces and positively-charged proteins, as well as local 
charges and hydrogen bonding sites on protein surfaces. Beurer et al., for example, found 
that protein adsorption on surfaces with a charge gradient from positively-charged 




  Here, negatively charged BSA and fibrinogen adsorbed 
mostly on the cationic quaternary ammonium section and positively-charged lysozyme 
adsorbed mainly on the anionic carboxylates.
24
 The most prevalent protein in serum, 
BSA, with a pI of 4.7,
24
 is negatively charged at neutral pH and thus the overall 
electrostatic interaction with anionic Au surfaces is repulsive. However, interactions must 
be considered between the charged ligands and local charges and hydrogen bonding sites 
on the protein surface. For example, local attraction or salt bridges between cationic 
lysine residues on BSA and  citrate ligands on Au nanospheres contribute to adsorption.
31, 
38
 Thus, serum protein adsorption observed on citrate and GSH-capped nanospheres may 
be caused by overall electrostatic interactions with positively-charged proteins, as well as 
local electrostatic and hydrogen bonding interactions for both positively and negatively 
charged proteins. 
Our observation via DLS of essentially zero serum protein adsorption on a 
moderately charged binary monolayer is unexpected, relative to previous studies with 
single ligand monolayers
1, 31, 38, 39
 as well as mixed charge monolayers with substantial 
net charge.
24, 29
 For the 1.4 lysine/citrate monolayers, the lack of protein adsorption 
suggests that the lysine screens the strong interactions of the trivalent citrate with the 
proteins, similar to the 1.6 cysteine/citrate monolayers. The overall electrostatic 
interaction between the net negative charge of the binary monolayer and positively 
charged serum proteins is attractive. The difference in length of the citrate ligand versus 
either lysine or cysteine, however, may be expected to play an important role in resisting 
protein adsorption. For example, the zwitterionic tips of lysine or cysteine will interact 
weakly with protein surfaces given the lack of net charge and strong hydration, as is 
known for other zwitterions.
5, 6, 29
 Another important factor is that each of these amino 
acids is considerably longer than the citrate molecule, as shown in Figures 1a and 1b. The 
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amino acids in the monolayers thus provide steric hindrance by increasing the distance 
between the three carboxylates on citrate and the protein surface. Thus, the local “buried” 
charges in the ligand monolayers will interact more weakly with the local charges and 
hydrogen bonding sites on the protein surface. In addition, delocalization of the charge 
with the gold electrons for the two carboxylate anions on citrate and the protonated amine 
on lysine will further reduce the strength of the electrostatic interactions with the 
proteins.  
Lysine and cysteine, as well as citrate, are all highly hydrophilic unlike 
hydrophobic ligands that interact with hydrophobic segments of serum proteins and 
facilitate adsorption of serum proteins.
33
 For example, the hydrophilicity value is 3.0 for 
lysine, relative to 0.0 for glycine and -3.4 for highly hydrophobic tryptophan in the Hopp 
and Woods hydrophilicity index.
40
 Cysteine is more hydrophobic than lysine 
(hydrophilicity value of -1.0
40
) but hydrophilic enough to resist protein adsorption when 
combined with citrate in our mixed monolayers.  In summary, the tunability of the ligand 
ratio and thus surface charge for each of our mixed monolayers could be utilized to tailor 
the surfaces to resist protein adsorption even for moderate net charge. 
Various techniques have been used to form nanoclusters with controlled 
properties from primary particles.
41-44
 The 1.4 lysine/citrate nanospheres were assembled 
into nanoclusters upon solvent evaporation in the presence of a weakly adsorbing 
polymer, PLA-b-PEG-b-PLA, following a previously reported procedure, as discussed in 
the supplemental section.
34-36
 The nanoclusters with a Dh of 21.7 ± 4.3 nm were 
composed of closely-spaced primary Au nanospheres (Figure 2.2), which shifted the 
extinction in the near infrared region (NIR) from 650 nm to 900 nm. Upon incubating the 
nanoclusters in pH 5 HCl for 24 h, the PLA(1k)-b-PEG(10k)-b-PLA(1k) on the surface 
was hydrolyzed, and consequently the nanoclusters dissociated to Au nanospheres with 
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the original nanosphere size, as seen in the UV-Vis-NIR spectrum (Figure 2.2c) as well 
as the DLS size distribution (Figure 2.2d). The dissociated nanoclusters did not adsorb 
serum proteins, as the Dh remained only 4.2 ± 2.6 nm upon incubation in 100% FBS 
(Figure 2.2d), a desired size for kidney clearance. 
In this robust colloidal assembly approach,
34-36
 the size of nanoclusters may be 
tuned as a function of the polymer and gold concentrations, chemical structure of the 
surface ligands, and the extent of solvent evaporation. The biodegradable polymer 
adsorbs on the surface of the nanoclusters and quenches the size via an equilibrium 
mechanism.
36
 In the current study, we show for the first time that these clusters may be 
formed from Au particles with a large enough charge for nanocluster dissociation upon 
biodegradation of the polymer coating, but yet the surface charge is small enough to fully 
resist protein adsorption.    
 
2.4 CONCLUSIONS 
In conclusion, incubation of charged ~5 nm Au nanospheres with binary natural 
and relatively hydrophilic ligands in undiluted serum protein does not increase the 
hydrodynamic diameter according to dynamic light scattering, indicating essentially zero 
protein adsorption. A secondary conclusion is that the Au nanospheres may be assembled 
into NIR-active nanoclusters which biodegrade in vitro to primary Au nanospheres, again 






Figure 2.1:   Schematics of nanosphere surfaces coated with (a) citrate and lysine, and (c) 
citrate and cysteine.  DLS distributions in water (green curve) and FBS (red 
curve) for (c) 1.4 lysine/citrate nanospheres, and (d) 1.6 cysteine/citrate 
nanospheres. Black curve in (c) is DLS distribution of citrate only-capped 










Table 2.1:    Properties of nanospheres capped with citrate or binary ligands  before and 







Dh (nm) ζ (mV) 
Dh in FBS 
(nm) 
Citrate n/a n/a 4.3 ± 0.8 -58.4 ± 5.3 19.9 ± 2.1 
Lysine/citrate 4.5 0.5 5.0 ± 1.2 -28.9 ± 3.9 7.7 ± 3.8 
Lysine/citrate 9 1.4 4.6 ± 1.1 -16.1 ± 2.9 3.9 ± 2.1 
Cysteine/ 
citrate 
0.3 1.0 5.1 ± 3.9 -28.8 ± 3.2 8.8 ± 5.8 
Cysteine/ 
citrate 




Figure 2.2:   Lysine/citrate nanoclusters (a) TEM image, (b) DLS Dh distribution, and (c) 
UV-Vis-NIR extinction spectrum, with spectra of dissociated nanoclusters 
and nanospheres included, and (d) DLS Dh distributions of dissociated 









1. Choi, H. S.; Liu, W.; Misra, P.; Tanaka, E.; Zimmer, J. P.; Ipe, B. I.; Bawendi, M. 
G.; Frangioni, J. V. Renal Clearance of Quantum Dots. Nat. Biotechnol. 2007, 25, 
1165-1170. 
2. Zhou, C.; Long, M.; Qin, Y.; Sun, X.; Zheng, J. Luminescent Gold Nanoparticles 
with Efficient Renal Clearance. Angew. Chem. Int. Ed. 2011, 50, 3168-3172. 
3. Tirumalai, R. S.; Chan, K. C.; Prieto, D. A.; Issaq, H. J.; Conrads, T. P.; Veenstra, 
T. D. Characterization of the Low Molecular Weight Human Serum Proteome. 
Molecular & Cellular Proteomics 2003, 2, 1096-1103. 
4. Striemer, C. C.; Gaborski, T. R.; McGrath, J. L.; Fauchet, P. M. Charge- and Size-
Based Separation of Macromolecules Using Ultrathin Silicon Membranes. Nature 
2007, 445, 749-753. 
5. Holmlin, R. E.; Chen, X.; Chapman, R. G.; Takayama, S.; Whitesides, G. M. 
Zwitterionic Sams That Resist Nonspecific Adsorption of Protein from Aqueous 
Buffer. Langmuir 2001, 17, 2841-2850. 
6. Chen, S.; Yu, F.; Yu, Q.; He, Y.; Jiang, S. Strong Resistance of a Thin Crystalline 
Layer of Balanced Charged Groups to Protein Adsorption. Langmuir 2006, 22, 
8186-8191. 
7. Yang, W.; Xue, H.; Li, W.; Zhang, J.; Jiang, S. Pursuing "Zero" Protein 
Adsorption of Poly(Carboxybetaine) from Undiluted Blood Serum and Plasma. 
Langmuir 2009, 25, 11911-11916. 
8. Chen, S.; Cao, Z.; Jiang, S. Ultra-Low Fouling Peptide Surfaces Derived from 
Natural Amino Acids. Biomaterials 2009, 30, 5893-5896. 
9. Ostuni, E.; Chapman, R. G.; Holmlin, R. E.; Takayama, S.; Whitesides, G. M. A 
Survey of Structure-Property Relationships of Surfaces That Resist the 
Adsorption of Protein. Langmuir 2001, 17, 5605-5620. 
10. Verma, A.; Uzun, O.; Hu, Y.; Hu, Y.; Han, H.-S.; Watson, N.; Chen, S.; Irvine, D. 
J.; Stellacci, F. Surface-Structure-Regulated Cell-Membrane Penetration by 
Monolayer-Protected Nanoparticles. Nature Materials 2008, 7, 588-595. 
11. Yang, W.; Zhang, L.; Wang, S.; White, A. D.; Jiang, S. Functionalizable and 
Ultra Stable Nanoparticles Coated with Zwitterionic Poly(Carboxybetaine) in 
Undiluted Blood Serum. Biomaterials 2009, 30, 5617-5621. 
12. Cedervall, T.; Lynch, I.; Lindman, S.; Berggard, T.; Thulin, E.; Nilsson, H.; 
Dawson, K. A.; Linse, S. Understanding the Nanoparticle-Protein Corona Using 
Methods to Quantify Exchange Rates and Affinities of Proteins for Nanoparticles. 
Proceedings of the National Academy of Sciences 2006, 104, 2050-2055. 
 41 
13. Walkey, C. D.; Olsen, J. B.; Guo, H.; Emili, A.; Chan, W. C. W. Nanoparticle 
Size and Surface Chemistry Determine Serum Protein Adsorption and 
Macrophage Uptake. Journal of the American Chemical Society 2012, 134, 2139-
2147. 
14. Larson, T. A.; Joshi, P. P.; Sokolov, K. Preventing Protein Adsorption and 
Macrophage Uptake of Gold Nanoparticles Via a Hydrophobic Shield. ACS Nano 
2012, 6, 9182-9190. 
15. Chen, S.; Li, L.; Zhao, C.; Zheng, J. Surface Hydration: Principles and 
Applications toward Low-Fouling/Nonfouling Biomaterials. Polymer 2010, 51, 
5283-5293. 
16. Lundqvist, M.; Stigler, J.; Elia, G.; Lynch, I.; Cedervall, T.; Dawson, K. A. 
Nanoparticle Size and Surface Properties Determine the Protein Corona with 
Possible Implications for Biological Impacts. Proceedings of the National 
Academy of Sciences 2008, 105, 14265-14270. 
17. Markarucha, A. J.; Todorova, N.; Yarovsky, I. Nanomaterials in Biological 
Environment: A Review of Computer Modelling Studies. Eur. Biophys. J. 2011, 
40, 103-115. 
18. Li, L.; Chen, S.; Zheng, J.; Ratner, B. D.; Jiang, S. Protein Adsorption on 
Oligo(Ethylene Glycol)-Terminated Alkanethiolate Self-Assembled Monolayers:  
The Molecular Basis for Nonfouling Behavior. Journal of Physical Chemistry B 
2005, 109, 2934-2941. 
19. Liu, W.; Choi, H. S.; Zimmer, J. P.; Tanaka, E.; Frangioni, J. V.; Bawendi, M. 
Compact Cysteine-Coated Cdse(Zncds) Quantum Dots for in Vivo Applications. 
Journal of the American Chemical Society 2007, 129, 14530-14531. 
20. Ladd, J.; Zhang, Z.; Chen, S.; Hower, J. C.; Jiang, S. Zwitterionic Polymers 
Exhibiting High Resistance to Nonspecific Protein Adsorption from Human 
Serum and Plasma. Biomacromolecules 2008, 9, 1357-1361. 
21. Estephan, Z. G.; Jaber, J. A.; Schlenoff, J. B. Zwitterion-Stabilized Silica 
Nanoparticles: Toward Nonstick Nano. Langmuir 2010, 26, 16884-16889. 
22. Jia, G.; Cao, Z.; Xue, H.; Xu, Y.; Jiang, S. Novel Zwitterionic-Polymer-Coated 
Silica Nanoparticles. Langmuir 2009, 25, 3196-3199. 
23. Mahmoudi, M.; Lynch, I.; Ejtehadi, M. R.; Monopoli, M. P.; Bombelli, F. B.; 
Laurent, S. Protein-Nanoparticle Interactions: Opportunities and Challenges. 
Chemical Reviews 2011, 111, 5610-5637. 
24. Beurer, E.; Venkataraman, N. V.; Sommer, M.; Spencer, N. D. Protein and 
Nanoparticle Adsorption on Orthogonal, Charge-Density-Versus-Net-Charge 
Surface-Chemical Gradients. Langmuir 2012, 28, 3159-3166. 
 42 
25. Dobrovolskaia, M. A.; Patri, A. K.; Zheng, J.; Clogston, J. D.; Ayub, N.; 
Aggarwal, P.; Neun, B. W.; Hall, J. B.; McNeil, S. E. Interaction of Colloidal 
Gold Nanoparticles with Human Blood: Effects on Particle Size and Analysis of 
Plasma Protein Binding Profiles. Nanomedicine 2009, 5, 106-117. 
26. De Paoli Lacerda, S. H.; Park, J. J.; Meuse, C.; Pristinski, D.; Becker, M. L.; 
Karim, A.; Douglas, J. F. Interaction of Gold Nanoparticles with Common Human 
Blood Proteins. ACS Nano 2010, 4, 365-379. 
27. Yu, M.; Zhou, C.; Liu, J.; Hankins, J. D.; Zheng, J. Luminescent Gold 
Nanoparticles with Ph-Dependent Membrane Adsorption. Journal of the 
American Chemical Society 2011, 133, 11014-11017. 
28. Wei, H.; Insin, N.; Lee, J.; Han, H.-S.; Cordero, J. M.; Liu, W.; Bawendi, M. G. 
Compatct Zwitterion-Coated Iron Oxide Nanoparticles for Biological 
Applications. Nano Letters 2011, 12, 22-25. 
29. Chen, S.; Zhen, J.; Li, L.; Jiang, S. Strong Resistance of Phosphorylcholine Self-
Assembled Monolayers to Protein Adsorption: Insights into Nonfouling 
Properties of Zwitterionic Materials. Journal of the American Chemical Society 
2005, 127, 14473-14478. 
30. Kaufman, E. D.; Belyea, J.; Johnson, M. C.; Nicholson, Z. M.; Ricks, J. L.; Shah, 
P. K.; Bayless, M.; Pettersson, T.; Feldoto, Z.; Blomberg, E., et al. Probing 
Protein Adsorption onto Mercaptoundecanoic Acid Stabilized Gold Nanoparticles 
and Surfaces by Quartz Crystal Microbalance and Z-Potential Measurements. 
Langmuir 2007, 23, 6053-6062. 
31. Brewer, S. H.; Glomm, W. R.; Johnson, M. C.; Knag, M. K.; Franzen, S. Probing 
Bsa Binding to Citrate-Coated Gold Nanoparticles and Surfaces. Langmuir 2005, 
21, 9303-9307. 
32. Jackson, A. M.; Myerson, J. W.; Stellacci, F. Spontaneous Assembly of 
Subnanometre-Ordered Domains in the Ligand Shell of Monolayer-Protected 
Nanoparticles. Nature Materials 2004, 3, 330-336. 
33. You, C.-C.; De, M.; Han, G.; Rotello, V. M. Tunable Inhibition and Denaturation 
of a-Chymotrypsin with Amino Acid-Functionalized Gold Nanoparticles. Journal 
of the American Chemical Society 2005, 127, 12873-12881. 
34. Tam, J. M.; Murthy, A. K.; Ingram, D. R.; Nguyen, R.; Sokolov, K. V.; Johnston, 
K. P. Kinetic Assembly of near-Ir Active Gold Nanoclusters Using Weakly 
Adsorbing Polymers to Control the Size. Langmuir 2010, 26, 8988-8999. 
35. Tam, J. M.; Tam, J. O.; Murthy, A.; Ingram, D. R.; Ma, L. L.; Travis, K.; 
Johnston, K. P.; Sokolov, K. V. Controlled Assembly of Biodegradable Plasmonic 
Nanoclusters for near-Infrared Imaging and Therapeutic Applications. ACS Nano 
2010, 4, 2178-2184. 
 43 
36. Murthy, A. K.; Stover, R. J.; Borwankar, A. U.; Nie, G. D.; Gourisankar, S.; 
Truskett, T. M.; Sokolov, K. V.; Johnston, K. P. Equilibrium Gold Nanoclusters 
Quenched with Biodegradable Polymers. ACS Nano 2013, 7, 239-251. 
37. Yoon, S. J.; Mallidi, S.; Tam, J. M.; Tam, J. O.; Murthy, A.; Johnston, K. P.; 
Sokolov, K. V.; Emelianov, S. Y. Utility of Biodegradable Plasmonic 
Nanoclusters in Photoacoustic Imaging. Opt. Lett. 2010, 35, 3751-3753. 
38. Dominguez-Medina, S.; McDonough, S.; Swanglap, P.; Landes, C. F.; Link, S. In 
Situ Measurement of Bovine Serum Albumin Interaction with Gold Nanospheres. 
Langmuir 2012, 28, 9131-9139. 
39. Casals, E.; Pfaller, T.; Duschl, A.; Oostingh, G. J.; Puntes, V. Time Evolution of 
the Nanoparticle Protein Corona. ACS Nano 2010, 4, 3623-3632. 
40. Hopp, T. P.; Woods, W. R. Prediction of Protein Antigenic Determinants from 
Amino Acid Sequences. Proceedings of the National Academy of Sciences 1981, 
78, 3824-3828. 
41. Zhuang, J.; Wu, H.; Yang, Y.; Cao, Y. C. Controlling Colloidal Superparticle 
Growth through Solvophobic Interactions. Angew. Chem. Int. Ed. 2008, 47, 2208-
2212. 
42. Ma, L. L.; Feldman, M. D.; Tam, J. M.; Paranjape, A. S.; Cheruki, K. K.; Larson, 
T. A.; Tam, J. O.; Ingram, D. R.; Paramita, V.; Villard, J. W., et al. Small 
Multifunctional Nanoclusters (Nanoroses) for Targeted Cellular Imaging and 
Therapy. ACS Nano 2009, 3, 2686-2696. 
43. Xia, Y. S.; Nguyen, T. D.; Yang, M.; Lee, B.; Santos, A.; Podsiadlo, P.; Tang, Z. 
Y.; Glotzer, S. C.; Kotov, N. A. Self-Assembly of Self-Limiting Monodisperse 
Supraparticles from Polydisperse Nanoparticles. Nat. Nanotechnol. 2011, 6, 580-
587. 
44. Lu, Z.; Yin, Y. Colloidal Nanoparticle Clusters: Functional Materials by Design. 









Chapter 3:  Equilibrium Gold Nanoclusters Quenched with 
Biodegradable Polymers2 
Although sub-100 nm nanoclusters of metal nanoparticles are of interest in many 
fields including biomedical imaging, sensors and catalysis, it has been challenging to 
control their morphologies and chemical properties. Herein, a new concept is presented to 
assemble equilibrium Au nanoclusters of controlled size by tuning the colloidal 
interactions with a polymeric stabilizer, PLA(1k)-b-PEG(10k)-b-PLA(1k). The 
nanoclusters form upon mixing a dispersion of ~5 nm Au nanospheres with a polymer 
solution followed by partial solvent evaporation.  A weakly adsorbed polymer quenches 
the equilibrium nanocluster size and provides steric stabilization. Nanocluster size is 
tuned from ~20 nm to ~40 nm by experimentally varying the final Au nanoparticle 
concentration and the polymer/Au ratio, along with the charge on the initial Au 
nanoparticle surface. Upon biodegradation of the quencher, the nanoclusters reversibly 
and fully dissociate to individual ~5 nm primary particles. Equilibrium cluster size is 
predicted semi-quantitatively with a free energy model that balances short-ranged 
depletion and van der Waals attractions with longer-ranged electrostatic repulsion, as a 
function of the Au and polymer concentrations. The close spacings of the Au 
nanoparticles in the clusters produce strong NIR extinction over a broad range of 
wavelengths from 650 to 900 nm, which is of practical interest in biomedical imaging. 
 
 
                                                 
2 Large parts of this chapter have been published as: Murthy, A.K.; Stover, R.J.; Borwankar, A.U.; Nie, 
G.D.; Gourisankar, S.; Truskett, T.M.; Sokolov, K.V.; Johnston, K.P., Equilibrium Gold Nanoclusters 
Quenched with Biodegradable Polymers. ACS Nano 2013, 7(1), 239-251. 
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3.1  INTRODUCTION 
Metal nanoclusters composed of primary nanoparticles are of interest in a wide 
array of applications such as biomedical imaging, catalysis, sensors, and electromagnetic 
imaging of subsurface reservoirs.
1-6
 Structure-directing agents including polymers, 
dendrimers, proteins, or DNA are often used to template the orientation of the primary 
particles within the clusters.
7, 8
 Typically, the amount of inactive templating agents in the 
product must be 50% or more to direct the assembly. Recently, sub-100 nm nanoclusters 
of ~5 nm Au primary charged nanoparticles with controlled size were assembled by 
adding small amounts of stabilizing polymers.
4, 5
 Additionally, the “self-limiting” 
assembly of citrate-stabilized cadmium selenide (CdSe) nanoparticles into clusters was 
observed upon the addition of cadmium perchlorate and sodium selenosulfate precursors 
in water, as characterized by computer simulation.
6
 Furthermore, “kinetically trapped” 
clusters of controlled size comprising poly(ethylene glycol) (PEG)-stabilized Au 
nanoparticles have been reported by balancing van der Waals attractive forces with the 
steric repulsion provided by the PEG layer, which is modulated by the addition of an 
alkanethiol to the Au nanoparticle surface.
9
   
Although aggregates of nanoparticles may be formed by kinetic assembly, the 
growth often produces large, uncontrolled microparticle aggregates and/or gels upon 
varying colloidal interactions through pH, salinity,
10
 and the addition of polymers to 
induce depletion attraction.
11
 Given the uncertainty in control of the cluster size 
morphology via kinetic assembly, it would be desirable to devise a fundamental strategy 
to tune cluster architecture and size by equilibrium assembly. If this equilibrium 
assembly were fully reversible, the clusters may dissociate all the way to monomer upon 
changes in the solvent conditions.   
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The equilibrium assembly of nanoparticles into nanoclusters has been reported in 
organic solvents
12, 13
 and more recently in aqueous environments.
6, 14
 The size of clusters 
of poly(methylmethacrylate) (PMMA) spheres (~4-10 µm)
12
 and Boehmite rods (~350-
450 nm)
13
 in organic solvents with low dielectric constants is governed by a balance of 
strong, short-ranged attraction and weak, longer-ranged electrostatic repulsion, as  
described with a free energy equilibrium model.
15
 In aqueous solvents, nanoclusters of 





strong electrostatic repulsion between primary particles.
15
 However, for slightly charged 
proteins near the isoelectric point, large (~100 nm), long-lived equilibrium clusters of 
~10 nm protein molecules were formed.
14
 Here, crowder molecules (depletants) were 
added to balance short-ranged depletion attraction between the protein particles against 
the long ranged electrostatic repulsion and thereby tune the cluster size.
14, 15
 Upon 
dilution, these clusters reversibly dissociated to stable protein monomers. 
To date, it is unknown whether equilibrium nanoclusters may be assembled from 
inorganic nanoparticles in aqueous media and whether they would reversibly dissociate 
back to individual nanoparticles. Partially dissociable Au nanoclusters, with sizes < 100 
nm in diameter, were formed by mixing Au nanoparticle dispersions with small amounts 
(~20%) of solid polylactic acid (PLA) and PEG copolymer, PLA(1k)-b-PEG(10k)-b-
PLA(1k). The shift in the surface plasmon resonance (SPR) to the near-infrared (NIR) 
indicated very close spacings between the Au nanoparticles, consistent with the low 
polymer loadings.
4, 5
 The cluster formation was attributed to kinetic assembly upon 
screening the electrostatic repulsion between the primary particles by the weakly 
adsorbed polymer. Upon biodegradation of the polymer, the clusters underwent 
significant, but not full dissociation into ~5.5 nm Au primary particles, according to the 
measured change in the SPR.   
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Herein, we demonstrate the assembly of Au nanoclusters with tunable equilibrium 
sizes from ~20 nm to ~40 nm, whereby the equilibrium state is quenched by weak 
adsorption of a triblock copolymer, PLA(1k)-b-PEG(10k)-b-PLA(1k) stabilizer on the 
nanocluster surface. Furthermore, the nanoclusters reversibly dissociate completely to ~5 
nm Au nanospheres upon biodegradation of the polymeric quencher, as shown in Figure 
4.1. The magnitude of the charge of the mixed ligand monolayer on the Au surfaces was 
designed to be small enough to enable formation of nanoclusters in the presence of the 
copolymer, yet sufficiently large for nanocluster dissociation upon dilution after polymer 
biodegradation. The polymer is shown to induce depletion attraction between the Au 
spheres to supplement van der Waals attraction to drive assembly of the charged Au 
nanoparticles into nanoclusters. The equilibrium cluster size is predicted semi-
quantitatively with a free energy model that balances short-ranged attraction with long-
ranged electrostatic repulsion, as a function of the experimentally measured charges on 
both the primary Au particles and the nanoclusters. Remarkably, the same model 
describes both Au and protein
14
  nanoclusters. The cluster size is tuned with the Au and 
polymer concentrations in a new process that utilized well-controlled mixing and partial 
solvent evaporation, as shown in Figure 3.1. Additionally, polymer adsorption to the Au 
nanocluster surface quenches the nanoclusters such that their size does not change upon 
dilution in deionized water. The close spacings of the Au nanoparticles in the clusters 
produce strong NIR extinction over a broad range in wavelength from 650 nm to 900 nm. 
This wavelength range, where blood is weakly absorbing,
18
 is of interest in biomedical 




 and combined 
imaging and therapy.
24-26
 Furthermore, the nanoclusters are shown to dissociate 






3.2.1  Materials 
HAuCl4·3H2O was obtained from MP Biomedicals LLC (Solon, OH) and 
Na3C3H5O(COO)3·2H2O was acquired from Fisher Scientific (Fair Lawn, NJ).  NaBH4 
was also obtained from Fisher Scientific. L-(+)-lysine was purchased from Acros 
Chemicals (Morris Plains, NJ), and PLA(1k)-b-PEG(10k)-b-PLA(1k) was obtained from 
Sigma-Aldrich (St. Louis, MO). 
 
3.2.2  Synthesis of citrate-capped Au nanospheres and lysine ligand exchange 
~ 4 nm citrate-capped Au nanospheres were formed by reduction of HAuCl4 with 
NaBH4 by scaling up an earlier method and purifying synthesized particles with 
tangential flow filtration, as described in Appendix C.
5
 The synthesis resulted in ~25 mL 
of 3 mg/ml Au. 
Lysine place exchange was conducted by adding 20 µl of freshly prepared 
aqueous solution of 5% w/v (50 mg/ml) lysine to 1.2 mL of the 3 mg/ml citrate-capped 
Au nanosphere dispersion. Here the pH of the solution increased from pH ~6 to pH ~8.8 
upon addition of the basic lysine ligand.  At pH 8.8, lysine has two positive charges and 
one negative charge.
58
 After lysine addition, the mixture was stirred for 15 min at room 
temperature to enable place exchange. Immediately after this reaction, nanosphere 
samples were either ultracentrifuged for X-ray photoelectron spectroscopy (XPS) or 
thermogravimetric analysis (TGA), diluted for dynamic light scattering (DLS), UV-




3.2.3  Nanocluster Formation 
Immediately after 15 min of lysine place exchange, Au nanospheres were used to 
form nanoclusters.  An aqueous, 120 mg/ml solution of PLA(1k)-b-PEG(10k)-b-PLA(1k) 
was freshly prepared.  In the base case, the lysine/citrate capped Au dispersion was 
diluted to 1 mg/ml from 3 mg/ml. 500 µl of the PLA(1k)-b-PEG(10k)-b-PLA(1k) 
solution was then added to 3 ml of 1 mg/ml lysine/citrate capped Au nanospheres in 5 
iterations of 100 µl each over 10 min. The addition of polymer solution was done under 
vigorous stirring.  After addition of the polymer solution, the resulting Au concentration 
was 0.9 mg/ml, and the polymer concentration was 17 mg/ml.  This mixture was placed 
in a 19 x 48 mm glass vial, and the vial was placed in a 40 °C water bath and stirred 
using a magnetic stirrer. Dried air was blown gently over the sample via a small tube that 
was inserted a few cm into the vial. The combination of water bath and airflow kept the 
sample temperature at 25 ± 3 °C as the sample was evaporated to 50% of its original 
volume over ~40 min, resulting in final Au and polymer concentrations of 1.7 mg/ml and 
36 mg/ml, respectively. These base-case samples were denoted 20-1.7 particles, 
designating to a polymer/Au ratio of 20/1 and a final Au concentration of 1.7 mg/ml 
(nomenclature adopted throughout). After sample evaporation, the cluster formation was 
terminated by adding 30 mL of DI water to dilute the Au. The solution was then 
centrifuged at 10000 rpm for 10 min in order to separate unclustered and loosely-bound 
particles from the ~30% (by mass) dense Au nanoclusters.   
The nanocluster formation process described above was carried out at initial Au 
concentrations (after addition of polymer solution) from 0.5 to 2.0 mg/ml, and initial 
polymer concentrations of 9 mg/ml, 40 mg/ml, 8.5 mg/ml, and 42.5 mg/ml (after polymer 
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solution addition). Evaporation, centrifugation, and redispersion were carried out in a 
manner identical to 20-1.7 particles.    
 
3.2.4  Characterization of primary Au nanospheres 
After lysine place exchange, samples were diluted to ~0.04 mg/ml in DI water for 
DLS measurements, measurement of ζ potential, and UV-Vis-NIR spectroscopy 
measurements, without purification. DLS measurements were taken using a custom-built 
apparatus at a scattering angle of 45° using an avalanche photodiode at ~ 25°C.
59
 Data 
were analyzed using a digital autocorrelator (Brookhaven BI-9000AT) and the CONTIN 
method. The Stokes-Einstein equation was used to obtain a volume-weighted distribution 
of hydrodynamic diameters (DH). UV-Vis-NIR spectroscopy was performed using a 
Varian Cary 3E spectrophotometer with a 1 cm path length. UV-Vis-NIR extinction 
measurements were all conducted at a Au concentration of ~90 µg/ml. Extinction values 
at 800 nm were used to calculate extinction coefficients (ε800) for nanospheres, as 
described in Appendix C. ζ analysis was conducted using a Brookhaven ZetaPlus zeta 
potential analyzer. Samples were diluted to ~0.02-0.04 mg/ml in 1 mM KCl at pH 7, and 
the average and standard deviations for 30 single-cycle measurements are reported.  Due 
to the small size of the nanospheres (see Results), the Huckel model was used to relate 
the measured electrophoretic mobility to a ζ potential.
60
  
For TGA and XPS analysis, nanosphere samples were ultracentrifuged for 45 min 
at 40000 rpm in order to remove excess citrate and lysine ligands, and the resulting pellet 
was dried.  TGA was performed using a Mettler Toledo TGA/DSC 1 STAR
e
 system with 
a gas controller (GC 200) and a temperature set at 22°C (Julabo).  TGA samples were 
initially heated to 100 °C and held at that temperature for 10 min to eliminate any 
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residual moisture remaining in the samples.  The samples were subsequently heated to 
900 °C at a heating rate of 20 °C/min, and the mass loss of organic content of the samples 
was determined.  
 XPS analysis was performed using a Kratos AXIS Ultra DLD spectrometer 
equipped with a monochromatic Al X-ray source (Al α, 1.4866 keV).  High-resolution 
elemental analysis was performed on the Au 4f, C 1s, N 1s and O 1s regions with pass 
energies of 30 eV, 20 eV, 40 eV, and 20 eV, respectively. A 0.1 eV step and a 4 s dwell 
time was used in all cases.  Charge compensation was not used because of the 
conductivity of each sample.  Peak positions and areas were calculated using a Gaussian 
+ Lorentzian fit and a Shirley background correction.   
Au concentrations in nanosphere samples were determined using flame atomic 
absorption spectroscopy (FAAS) using a GBC FAAS analyzer (GBC Scientific 
Equipment Pty Ltd., GBC 908AA) with an air-acetylene flame and at a wavelength of 
242.8 nm.   Samples were diluted, without purification, in aqua regia to between 1 ppm 
and 5 ppm before analysis. 
 
3.2.5  Nanocluster Characterization 
Nanocluster morphologies were observed by transmission electron microscopy 
(TEM) performed on an FEI TECNAI G2 F20 X-TWIN TEM using a high-angle annular 
dark-field detector.  Samples were prepared by dipping 200 mesh copper-coated carbon 
TEM grids (Electron Microscopy Sciences, Hatfield, PA) into liquid nitrogen and then 
pipetting 5 µl of a dilute nanocluster dispersion onto the grid.  The grid was then dried 
using a VirTis AdVantage tray lyophilizer (VirTis, Gardiner, NY).  Unless otherwise 
noted, DLS, UV-Vis-NIR spectroscopy, ζ analysis, and FAAS were performed 
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identically to nanosphere characterization.  DLS was conducted on a Brookhaven 
ZetaPALS analyzer with a scattering angle of 90°.  Due to nanocluster size (see Results), 
the Huckel model was also used to fit measured electrophoretic mobilities in ζ analysis.
60
 
TGA was conducted on nanoclusters after centrifugation without the ultracentrifugation 
necessary for nanospheres, using a Mettler-Toledo TGA/SDTA851e instrument. 
 
3.2.6  Nanocluster Dissociation 
Dissociation of 20-4.0 and 20-1.7 particles was performed via dilution in pH 5 
HCl.  Dissociation of 20-4.0 particles was monitored by adding ~200 µl of ~1.6 mg/ml 
nanocluster dispersion to 2 ml of pH 5 HCl, such that the Au concentration was ~160 
µg/ml.  For 20-1.7 particles, ~200 µl of a ~0.4 mg/ml nanocluster dispersion was added 
to 2 ml of pH 5 HCl, such that the Au concentration was ~60 µg/ml.   Addition of the pH 
7 nanocluster dispersion did not change the mixture pH from pH 5 in either case.  
Nanoclusters were analyzed via UV-Vis-NIR spectroscopy and DLS without further 
dilution at 6 h, 12 h, 24 h, and 48 h time points for 20-4.0 particles, and after 24 h for 20-
1.7 particles.  DLS was performed at a scattering angle of 45°, similar to the case for 
nanospheres. 
 
3.3  RESULTS 
3.3.1  Place Exchange of Citrate Ligands with Lysine to Design the Surface Charge 
The properties of primary Au nanospheres before and after lysine ligand exchange 
are given in Table 3.1. The hydrodynamic diameter (DH) of nanospheres before ligand 
exchange was 4.3 ± 0.7 nm (Table 3.1, Table C.1a), and the extinction at 800 nm, with a 
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Au concentration of 90 µg/ml, was 0.04. As a result, the extinction coefficient at 800 nm 
(ε800) was 0.44 cm
2
/mg. (Table 3.1, Table C.1b). The ζ potential was -58.4 ± 5.3 mV 
(Table 4.1). The ligand coverage was determined to be 4% w/w by thermogravimetric 
analysis (TGA) (Table 4.1), which is similar to the theoretical weight percent of a citrate 
monolayer on a 4 nm Au nanoparticle (see Appendix C). The concentration of the citrate-
capped Au particle dispersion was determined to be 3.0 ± 0.1 mg Au/ml by flame atomic 
absorption spectroscopy (FAAS). 
After place exchange, the DH of the lysine/citrate capped Au nanoparticles was 
4.7 ± 0.8 nm (Table 3.1, Figure C.1a), relatively close to the initial value, indicating that 
the nanospheres did not aggregate. In addition, the extinction was 0.06 at 800 nm, and the 
ε800 value was similar to that of citrate-capped nanospheres at 0.67 cm
2
/mg (Table 3.1, 
Figure C.1b). The slight red-shift of the peak of the extinction spectra on lysine/citrate 
nanospheres from 512 nm to 520 nm (Figure C.1b) may be attributed to the change in 
surface properties and thus local dielectric constants of the nanoparticles upon lysine 
displacement of citrate.
28
 After place exchange, the magnitude of the ζ potential dropped 
significantly to -16.0 ± 6.6 mV (Table 3.1), indicating a substantial degree of replacement 
of negatively-charged citrate ligands with positively-charged lysine. The ligand weight 
percentage did not increase from 4% w/w, as may be expected given the similar 
molecular weights of lysine and citrate of 146 g/mol and 192 g/mol, respectively.  The 
XPS spectrum revealed characteristics peaks at ~532 eV for O 1s, ~400 eV for N 1s, 
~285 eV for C 1s, and peaks at 88 eV and 84 eV for Au 4f (Figure C.2a). The atomic 
ratio of nitrogen to oxygen was determined by integration of the O 1s peak (Figure C.2b) 
and the N 1s peak (Figure C.2c).  Integration of the N 1s peak yielded a peak area of 
2387, while integration of the O 1s peak yielded an area of 8574. Based on these peak 
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integrations, the nitrogen/oxygen atomic ratio was 0.28. From this value, the 
lysine/citrate ratio was calculated to be 1.4 (Table 3.1), as discussed in Appendix C.    
The reduction in nanosphere surface charge after ligand exchange can be 
correlated to the XPS results of the composition of the mixed surface layer. TGA results 
on citrate-capped nanospheres (Table 4.1) indicate that approximately 196 citrate ligands 
are present per particles (Appendix C), which corresponds to 196 × 3 = 588 negative 
charges. Ligand exchange with lysine replaces 3 negative charges with 1 positive charge, 
such that the 114 lysine ligands and 82 citrate ligands present after ligand exchange 
(Appendix C), which corresponds to an equivalent of (82 × 3) – (114 × 1) = 132 negative 
charges. Thus, the surface charge magnitude after ligand exchange would be expected to 
be 132/588 = 22% of the original surface charge, which is in good agreement with the 
zeta potential values, which dropped to 28% of its original value after lysine ligand 
exchange. While the actual number of negative charges on the surface cannot be directly 
captured by ζ potential measurements, the amount of relative charge can be compared, as 
is done here. 
 
3.3.2  Nanocluster Formation by Equilibrium Assembly of the Primary Au 
Nanoparticles 
After ligand exchange, citrate/lysine capped primary nanoparticles were 
assembled into nanoclusters, as shown schematically in Figure 3.1. The morphologies of 
equilibrium nanoclusters formed via the pathways depicted in Figure 3.1 are shown in 
Figure 3.2, based on transmission electron microscopy (TEM), for the Au and polymer 
concentrations given in Table 3.2. Images of several 20-4.0 and 20-0.9 particles are 
shown in Figure C.5. These images show densely-packed primary Au nanoparticles 
within each nanocluster. Due to this dense Au packing and the polymer, it can be difficult 
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to discern the boundaries of individual nanospheres. These nanoclusters were purified by 
centrifugation and redispersed in DI water. Centrifugation removed unclustered primary 
nanospheres, excess polymer and ligands, and smaller and/or less closely-packed 
nanoclusters, yielding a substantial population of densely-packed nanoclusters (as seen 
by TEM).  Nanocluster yields increased with Au concentration and polymer/Au ratio, 
reaching 61%, as both of these factors will be shown to drive equilibrium nanocluster 
formation. 
The effects of increasing final Au concentration on the Au nanocluster 
hydrodynamic diameter and optical properties are shown in Figure 3.3 and Table 3.2. In 
the first set of experiments, the polymer/Au ratio was fixed at 20/1. As the final Au 
concentration is increased from 0.9 mg/ml to 1.7 mg/ml, the nanocluster DH increased 
from 21.4 ± 4.4 nm to 29.4 ± 3.2 nm (Figure 3.3a, Table 3.2). The DH increased to 40.1 ± 
4.3 nm (Figure 3.3a, Table 3.2) as the final Au concentration was increased from 1.7 
mg/ml to 4.0 mg/ml. Secondary populations of large aggregates were not observed in 
either volume-weighted DH distributions or intensity-weighted DH distributions, which 
are more sensitive to large aggregates (Figure C.8a). Nanocluster DH  distributions were 
highly reproducible, as shown for 20-0.9 and 20-4.0 particles in Figure C.10. 
Furthermore, analysis of TEM images of the nanoclusters (at least 20 clusters in several 
images analyzed) indicated reasonable agreement between the measured DH and the 
nanocluster size measured with TEM (Table 3.2). For TEM analysis, it is somewhat 
challenging to discern the boundaries between individual nanoclusters at high surface 
coverages in the images, relative to simpler geometries such as spheres or rods.
4, 5
 Thus, 
we intentionally used low surface coverage on the grids, and acquired multiple images of 
nanoclusters to conduct a sizing analysis. Histograms which present a detailed analysis of 
the TEM images for 20-0.9, 20-1.7, and 20-4.0 particles are shown in Figure C.6. An 
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increase in the final Au concentration from 0.9 mg/ml to 1.7 mg/ml also increased the 
extinction at 800 nm from 0.95 to 1.05, thus increasing the extinction coefficient ε800 
from 10.6 cm
2
/mg to 11.7 cm
2
/mg (Figure 3.3b, Table 3.2). Further increase of the final 
Au concentration from 1.7 mg/ml to 4.0 mg/ml increased the nanocluster  extinction at 
800 nm and ε800 to 1.16 and 12.9 cm
2
/mg (Figure 3.3b, Table 3.2), respectively. The 
nanocluster ζ potential increased in magnitude slightly from -12.3 ± 1.1 mV for 20-0.9 
particles to -16.4 ± 3.6 mV for 20-1.7 particles (Table 4.2).  For 20-4.0 particles, the 
nanocluster ζ potential decreased very slightly in magnitude to -13.2 ± 0.6 mV (Table 
3.2). 
For a final Au concentration of 1.7 mg/ml, the morphologies from TEM with 
increasing polymer/Au concentration, for samples 10-1.7, 20-1.7, and 50-1.7 particles are 
shown in Figure 3.4. In each case, densely packed Au nanoclusters are observed. The Au 
yields for 10-1.7, 20-1.7, and 50-1.7 particles were 26 ± 13%, 31 ± 12%, and 57 ± 18%  
by mass of Au, respectively, indicating that the increase in polymer concentration 
facilitated nanocluster formation. 
The effect of polymer/Au ratio on nanocluster size and extinction are shown in 
Figure 3.5 and Table 3.2. As the polymer/Au ratio is increased from 10/1 to 20/1, the 
nanocluster DH increases modestly from 24.0 ± 5.6 nm to 29.4 ± 3.2 nm (Figure 3.5a, 
Table 3.2), and increasing the polymer/Au ratio further to 50/1 increased the DH to 38.4 ± 
7.3 nm (Figure 3.5a, Table 3.2). Size analysis of TEM images of 10-1.7 and 50-1.7 
particles (at least 20 particles in several images analyzed) revealed agreement between 
DH distributions measured by dynamic light scattering (DLS) and the size measured by 
TEM analysis (Table 3.2). TEM histograms for 10-1.7 and 50-1.7 particles are shown in 
Figure C.7. NIR extinction increased with nanocluster DH, as the extinction at 800 nm 
increased slightly from 1.01 to 1.05 as polymer/Au ratio was increased from 10/1 to 20/1 
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(Figure 3.5b). As a result, the ε800 increased from 11.2 cm
2
/mg to 11.7 cm
2
/mg (Figure 
3.5b, Table 3.2). A further increase in polymer/Au ratio to 50/1 increased the extinction 
at 800 nm to 1.17 (Figure 4.5b) and increased ε800 to 13.0 cm
2
/mg (Figure 3.5b, Table 
3.2). The nanocluster ζ potential did not change significantly as the polymer/Au ratio was 
increased from 10/1 to 20/1, while the ζ potential decreased slightly in magnitude to -12.5 
± 1.2 mV for a polymer/Au ratio of 50/1 (Table 3.2). Large aggregates were not observed 
in any of these nanocluster samples, even in intensity-weighted DH distributions (Figure 
C.8). TGA was conducted on 20-0.9, 20-1.7, and 20-4.0 particles. The organic content in 
the nanoclusters remained fairly constant (Table C.1) for 20-0.9 and 20-1.7 particles, but 
a decrease in organic content from 50% w/w to 31.8% w/w was observed as the 
nanocluster size increased.  
In order to provide further evidence for equilibrium formation of nanoclusters, a 
control experiment was performed, in which 20-0.9 particles were synthesized with 
solvent evaporation over approximately 4.5 h, in contrast to only ~40 min for particles 
shown in Figures 3.4. Here, the extinction spectrum and DH did not change with 
evaporation rate (Table C.9), supporting the concept of equilibrium rather than 
kinetically-controlled assembly.    
 
3.3.3  Nanocluster Dissociation 
Dissociation of 20-4.0 particles was monitored over 48 h in pH 5 HCl by DLS and 
UV-Vis-NIR spectroscopy. As the incubation time increased from 6 h to 48 h, the DH 
decreased monotonically from 40.1 ± 4.3 nm to 5.0 ± 4.3 nm (Figure 3.6a, Table 3.3), 
and the extinction at 800 nm (for a Au concentration of 160 µg/ml) decreased from 1.85 
to 1.00. As a result, ε800 decreased from 12.9 cm
2
/mg to 6.3 cm
2
/mg (Figure 3.6b, Table 
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3.3). After 48 h in pH 5 HCl, 20-4.0 nanoclusters dissociated nearly completely to 
monomer. The high standard deviation of the DH distribution of dissociated nanoclusters 
indicates very small oligomers are still present, which is supported by the small (~3% by 
volume) peak in the size distribution centered around 20 nm as well as the difference 
between the dissociated nanocluster ε800 and the primary particle ε800 value of 0.67 
cm
2
/mg (Table 3.1). These differences are attributed to dimers, trimers, and undissociated 
nanoclusters that might still be present in solution and which contribute to the NIR 
extinction and scattering for DLS.
4
 The variation of the natural logarithm of the number 
of particles per nanocluster versus time is shown in Figure 3.6c. The number of particles 
in a cluster nc is determined by Equation C.6. The plot is quite linear with an R
2
 value of 
~0.98 (Figure 3.6c) indicating approximately first-order kinetics. The dissociation of 20-
4.0 particles was also highly reproducible for two separate samples, as shown in the 
kinetics plots in Figure C.11. TEM analysis of dissociated 20-4.0 particles after 48 h 
incubation in pH 5 HCl showed similar results as those given by DLS, as the image 
showed small primary ~5 nm Au nanospheres (Figure C.12a). 
The nanocluster dissociation was further investigated by also placing 20-1.7 
particles into pH 5 HCl. Interestingly, after only 24 h of exposure to HCl, the DH of 20-
1.7 particles decreased all the way from 30.0 ± 3.3 nm to 4.0 ± 3.1 nm (Figure 3.7a), and 
the extinction at 800 nm (for an Au concentration of 60 ug/ml) dropped from 0.71 to 0.06 
(Figure 3.7b). As a result, the ε800 dropped from 11.8 cm
2
/mg to 1.0 cm
2
/mg, which is 
reasonably close to the primary particle ε800 value of 0.67 cm
2
/mg (Table 3.1). Here, only 
0.4% of the particles by volume show a DH above 5.5 nm, thus leading to the lower 
standard deviation in the DLS distribution as well as the lower ε800 relative to dissociated 
20-4.0 particles. TEM analysis of dissociated 20-1.7 particles after 24 h in pH 5 HCl 
showed ~5 nm primary Au nanospheres, as shown in Figure C.12b. 
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3.4  DISCUSSION 
3.4.1  Equilibrium Cluster Size Model 
The equilibrium formation of nanoclusters of primary nanoparticles may be 
shown to be governed by a balance of short-ranged attractive forces with longer-ranged 
electrostatic repulsion
29, 30
 as described with a free energy model.
12, 14-16, 31
 An 
equilibrium nanocluster with a diameter Dc is depicted in Figure 3.8, along with primary 
nanoparticles with charge of magnitude q. A fraction of the counter-ions within the 
nanocluster dissociate and leave the cluster. As the total nanocluster charge grows with 
added monomer, eventually, the cluster reaches an equilibrium size when the electric 
field from the nanocluster repels addition of further monomer. Here, short-ranged 
attractive forces between individual nanoparticle monomers which favor cluster growth 
are mediated by longer-ranged electrostatic repulsion at the monomer-cluster levels. 
The free energy model describes the assembly of nc primary particles into a 
cluster of radius Rc. 
14, 15
 Here, the magnitude of attractive interaction between two 
primary particles with C nearest neighbors is represented by a. The surface energy of the 
cluster is 4πRc
2
γ, where the surface tension γ is approximated as a/4πR
2
, where R is the 
radius of the primary particle. The attractive component of the free energy is then 
    








                              (3.1) 
 
The repulsive component to cluster free energy is approximated by the expression 
for a uniform distribution of point charges within a sphere 
 




         (3.2) 
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where λb is the Bjerrum length 
 
                                    𝜆𝑏 =
𝑒2
4𝜋𝜖𝑟𝜖0𝑘𝐵𝑇
                                          (3.3) 
 
Here, e is the elementary unit of charge, ϵr is the dielectric constant within the 
nanocluster, and ϵ0 is the relative permittivity of free space. 
The minimization of the free energy with respect to the cluster radius Rc yields 
the following expression for equilibrium cluster size: 
 
    𝑛∗ =
5𝑎𝑅
6𝜆𝑏𝑘𝐵𝑇𝑞
2                    (3.4) 
 
where n* is the equilibrium number of monomers per cluster. From Equation 4.4, the 
cluster size increases with the magnitude of attraction a between primary particles and 
decreases with the magnitude of charge q. More recently, this theory was extended to 
include the effect of the fractal dimension of the cluster, and was shown to capture the 
trends in the size of protein nanoclusters, by fitting ϵr and the number of dissociable ion 
sites per primary particle, σs (Appendix C), as adjustable parameters.
14
  
The experimentally observed correlation between polymer concentration and 
nanocluster size led us to postulate that polymer-induced depletion attraction plays an 
important role in nanocluster formation. Upon addition of the weakly adsorbing triblock 
copolymer, an osmotic pressure gradient is produced from the exclusion of the polymer 
from the gap between Au particles. This pressure gradient creates an attractive force 
(“depletion attraction”) between the Au nanoparticles. Depletion interactions, which have 





 and Kulkarni et al.
34
), are strongly dependent on polymer 
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concentration and the distance between Au particles.
35
 We estimate the depletion 
potential using the Asakura‐Oosawa potential,36, 37 which can be written as:35 
 




























)                         (3.5)      
 
where Rg is the radius of gyration of the polymer depletant, cp is the polymer 
concentration, and c* is the overlap concentration where polymer chains begin to overlap, 
which is defined as:
35 
 




                                                      (3.6) 
 
where M is the molecular weight of the polymer, and Nav is Avogadro’s number.  
Here, we assume that the polymer micelles may be approximated by a PEG chain with a 
hydrodynamic radius (Rh) equivalent to the radius of the micelle, which was measured to 
be 7 nm.
5
 This assumption is reasonable since the triblock copolymer is mostly composed 
of PEG. The calculation of the molecular weight of the micelle from the hydrodynamic 
diameter is given in Appendix C.   
 
3.4.2  Equilibrium Assembly of Au Nanoclusters 
The assembly of ~5 nm Au nanoparticles into nanoclusters will now be described 
in terms of the colloidal forces shown schematically to Figure 3.8. The magnitude of the 
charge on primary particles was initially reduced by replacing some of the citrate ligands 




 The resulting reduction in the zeta potential magnitude from -58 mV to -16 
mV will be shown to favor nanocluster formation below. 
Equilibrium nanocluster diameters (Dc) predicted by the free energy model are  
shown to increase over a selected range of 20 to 40 nm with increasing cAu and/or cp in 
Figure 3.9.
14, 15
 The theoretical model, despite its simplicity, semi-quantitatively predicts 
the experimental data. The parameters in the model, shown in Table C.2, are discussed in 
detail in the Appendix C. The total number of charges on the primary nanoparticles in 
water, 2.78, was determined from zeta potential measurements on lysine/citrate capped 
primary particles (Table 3.1) using Equation C.6.  The charge on a Au nanoparticle 
within the nanoclusters q was determined by calculating the total number of charges per 
nanocluster from the measured zeta potentials using Equation C.6, as shown in Appendix 
C and the number of nanoparticles in a cluster from Equation C.7. We chose a local 
dielectric constant in the dense nanoclusters of 25, approximately capturing the expected 
loss with respect to bulk water, as described further in Appendix C. This value is the only 
adjustable parameter in the model. The interparticle distance in the model was assumed to 
be 1 nm, which is reasonable because of the high NIR extinction and dense morphologies 
observed within the nanoclusters. Additionally, the equilibrium model is not very 
sensitive to interparticle distance, as further discussed in Appendix C. 
The rate of depletion-attraction-induced cluster assembly is assumed to be much 
faster than the rate of polymer adsorption on Au. This is a reasonable assumption given 
the very low affinity of the dominant PEG block for Au. While depletion attraction is the 
first effect of the polymer during nanocluster formation, the slower polymer adsorption 
quenches the final nanocluster size.   Thus, we treat the nanocluster formation process, 
prior to polymer adsorption, as a pseudo-equilibrium process. 
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As the polymer concentration cp increases, depletion attraction raises the overall 
attraction a in Eq. 3.4, consequently increasing the nanocluster size. This trend is shown 
in Table 3.2 and Figure 3.9 for a final Au concentration of 1.7 mg/ml. Note that the 
theory mildly underpredicts DH for the highest polymer concentration (50-1.7). As the 
number of monomers in the cluster increases, the charge per cluster determined from the 
zeta potential increases. This experimental charge in the nanocluster, relative to the total 
charge expected based on the initial charge on each primary particle, was only 11.0% for 
the 10-1.7 cluster, indicating significant ion pairing. Furthermore, this ratio decreased 
monotonically from 11.0% to 4.3% (Table 3.4) as the cluster size increased with cp.  
Additionally, an increase in final cAu leads to a decrease in the charge per particle q, since 
fewer counterions are required to dissociate per volume to provide the same entropic 
gain, as shown in Equation C.11. As the charge decreases, the equilibrium nanocluster 
size increases, according to Equation 3.4. Thus, as the final cAu is increased, Dc increases.  
The combined effect of increased depletion attraction and reduction in charge is 
seen experimentally through the variance in final Au concentration while maintaining a 
constant polymer/Au ratio. As cAu is increased from 0.9 mg/ml (20-0.9 particles) to 4.0 
mg/ml (20-4.0 particles), the enhanced depletion attraction as well as the reduced 
Coulombic repulsion increase the Dc of the cluster. The decrease in q is shown in Table 
3.4, as the charge retained in a nanocluster decreases monotonically from 10.0% to 4.3% 
(Table 3.4), due to entropic effects. Thus, the experimental nanocluster sizes are 
predicted semi-quantitatively by the theoretical model.    
Nanocluster formation pathways are illustrated schematically in Figure 3.10. 
Here, open symbols represent the Au and polymer concentrations resulting from the 
mixing of polymer and Au nanoparticle solutions. Evaporation of water from these mixed 
solutions is shown by the solid lines with arrows, resulting in the final Au and cp 
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represented by the solid symbols (Figure 3.10). During solvent evaporation, the increase 
in cp increases the magnitude of polymer- induced depletion attraction between particles, 
as is shown by Equation 3.5. In addition, the increase in cAu decreases the charge, as 
shown in Equation C.11. Both of these factors increase the cluster size. 
 
3.4.3  Quenching of Nanocluster Size 
After assembly of the Au nanospheres into nanoclusters, this quasi-equilibrium 
state is quenched by irreversible polymer adsorption. The hydrophobic nature of the PLA 
groups in the PLA-PEG-PLA triblock copolymer drives the polymer adsorption on the 
hydrophobic Au surface.
39
 The rate of this polymer adsorption, however, is expected to 
be much slower than the rate of depletion attraction-induced equilibrium particle 
assembly. The weak driving force for adsorption reflects the large amount of hydrophilic 
PEG in the polymer which interacts only weakly with the hydrophobic Au surface.
39
 If 
polymer adsorbed on individual Au spheres,  which then formed clusters, the Au primary 
particle spacings would be too large for the intense NIR extinction observed in Figures 3b 
and 5b. Instead, the slow kinetics of polymer adsorption relative to rapid nanocluster 
formation, led to very closely spaced Au particles. Additionally, the adsorbed polymer 
provided steric stabilization on the nanoclusters surface. To harvest the nanoclusters, they 
were rapidly diluted in deionized water, as shown by the dashed lines in Figure 3.10. 
Here, the cluster size did not change. The high degree of dilution would lead to Au 
monomer particles according the equilibrium model (Figure 3.10).  Instead, the 
irreversible polymer adsorption on the nanocluster surface maintained a “quenched” 
equilibrium cluster size. Furthermore, attraction between the highly ion paired Au 
primary particles within the cluster with low charge prevented nanocluster dissociation. 
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The polymer played a multifunctional role in: (1) driving the depletion attraction to 
assemble the primary Au particles into clusters, (2) providing steric stabilization of the 
clusters, and (3) quenching the nanoclusters with an equilibrium size.  The clusters were 
fairly dilute and colloidally stable over weeks, so we did not calculate the interaction 
potential between the clusters. 
The concept of quenched equilibrium Au nanoclusters presented in this work is 
substantially different from our previous Au nanocluster studies, which attributed 
nanocluster formation to a kinetic assembly mechanism.
5
 In our previous work, a kinetic 
stability ratio was estimated based on the time required for a qualitative color change in 
the nanocluster dispersion by eye during formation.
5
 This approach was not applicable to 
nanoclusters smaller than 50 nm where the color change was very rapid and heavily 
dependent upon the evaporation rate of the solvent. The previous work did not recognize 
the depletion force was sufficiently strong to produce equilibrium assembly (given the 
micelle concentration was unknown), and thus equilibrium assembly was not thought to 
be present.
5
 Furthermore, the composition of the ligands on the surface was not 
measured, and the charge on the Au surface was not well-characterized, which limited the 
analysis of the formation mechanism.
4, 5
 In most cases, all of the water was evaporated 
for form Au-polymer films which were later diluted to harvest the clusters.  This two-step 
approach may involve complex cluster formation mechanisms. As a result, the present 
study represents a major and novel advance over previous work by demonstrating 
equilibrium nanocluster assembly and control over nanocluster size. 
In an insightful related study, “self-limiting” clusters of CdSe primary particles 
have been observed in water, where cluster growth stopped upon reaching a balance 
between charge in the cluster and van der Waals attraction between particles.
6
 Both 
nanocluster size and zeta potential measurements showed cluster growth followed by a 
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plateau as the self-limited cluster state was reached.
6
 Building upon this “self-limiting” 
nanocluster concept, a novel aspect of the present work is that degradation of the polymer 
quencher allows for reversible cluster dissociation to recover ~5 nm monomers, which is 
critical for effective renal clearance. Moreover, the present study demonstrates the ability 
to tune nanocluster size by balancing effective colloidal interactions as well as the ability 
to semi-quantitatively predict this cluster size. 
In the current study, we chose to form nanoclusters at a desired evaporation extent 
of only 50% and from primary Au nanospheres with a zeta potential of only -16 mV.  If 
the zeta potential of the primary nanospheres were more negative, electrostatic repulsion 
would be too dominant, and the size would be too small, as shown in Equation 3.4. For 
example, for highly charged Au particles with only citrate ligands, the required 
evaporation extent was 85% to form nanoclusters, as would be evident in Figure 3.10. 
However at such high evaporation amounts, the particles form a viscous gel and it may 
become difficult to redisperse the clusters with the desired size and with low 
polydispersity. 
For particular experimental pathways, other than those in Table 3.1 and Figure 
3.10, we observed kinetic traps that prevented attainment of the sizes predicted by the 
equilibrium model. For example, adding polymer solution in one step, instead of 
iteratively, to the Au solution led to large nanoclusters with weak NIR extinction. 
Immediately after mixing the Au dispersion with the polymer solution, we observed a 
large increase in viscosity, which may have limited access to equilibrium configurations, 
leading to relatively large ~120 nm aggregates with weak NIR extinction (Table C.4). In 
addition, initial Au concentrations in excess of 6 mg/ml led to irreversible aggregation of 
nanoparticles even without adding any polymer, indicating insufficient electrostatic 
stabilization.   
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These quenched equilibrium Au nanoclusters are quite different from other 
clusters which are affected by dilution, such as protein nanoclusters
14
 as well as clusters 
of cerium oxide
40
 and iron oxide
41
 nanoparticles and oppositely-charged diblock 
polymers. The size of kinetically “frozen” clusters of cerium oxide, from 100 nm to 500 
nm in diameter, has been shown to change with dilution rate, with smaller clusters 
formed at faster dilution rates.
40
 Equilibrium Au nanoclusters, if quenched by irreversible 
polymer adsorption, in contrast, do not change size after dilution. 
 
4.4.4  Nanocluster Dissociation 
For a Au dispersion without polymer present, depletion attraction between Au 
nanoparticles is not present and the equilibrium state was found to be individual charged 
primary particles (Figure 3.10). For polymer coated Au nanoclusters, dissociation was 
initiated by exposure to a pH 5 HCl environment, which accelerates the degradation rate 
of the PLA segments, relative to pH7.
42
 As the polymeric quencher was gradually 
removed upon hydrolysis, the cluster size decreased continuously as charged Au primary 
particles left the nanocluster surface. After 48 h, enough polymer had degraded for the 
20-4.0 nanoclusters to dissociate almost completely to monomer.   
The plot of ln(nc) versus time shown in Figure 3.6c indicates  approximately first-




= −𝑘𝑛𝑐                                                                  (3.6) 
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Here, nc is the number of particles in a cluster, given by Equation C.7, and k is the 
first-order rate constant.  The linear fit to the data shown in Figure 3.6c reveals a k of 
~0.12 hr
-1
.   
The dissociation of the smaller 20-1.7 nanoclusters was faster and more complete 
(Figure 3.7) relative to the larger 20-4.0 ones. For the smaller nanocluter size, less time is 
needed to degrade the smaller amount of polymeric quencher, for a fixed polymer/Au 
ratio. Additionally, there are fewer chances for dissociating nanoclusters to become 
trapped in metastable irreversible states involving even a small number dimers, trimers, 
and higher-order assemblies. The NIR extinction is significant for dimers and trimers at 
close spacing,
5
 as seen in Figure 3.6 with 20-4.0 particles. The complete dissociation to 
charged Au monomer nanospheres supports the quenched equilibrium concept, whereby 
the polymer no longer influences the Au particles size after it is degraded. After PLA 
hydrolysis, the PEG central block did not have a tendency to adsorb strongly on Au,
39
 
and during dissociation the polymer concentration was too low to produce depletion 
attraction. 
 
4.4.5  Nanocluster Spectral Properties 
The surface plasmon resonance for Au nanoparticles is well known to shift to the 
NIR for various morphologies including  nanoshells,
23, 24, 43, 44
 nanocages,
45, 46







 These particles with NIR 
extinction, however, often have diameters greater than 5.5 nm in diameter, which would 
be too large for efficient kidney clearance from the body.
27
 Alternatively, the SPR has 
been experimentally demonstrated to shift towards the NIR for dimers and trimers of Au 
nanospheres,
43




 The amount of extinction broadening has  been shown to be dependent on 
the interparticle spacing between constituent particles.
43
 In the present work, intense NIR 
extinction is achieved via extremely close (less than a particle diameter
8, 53
) interparticle 
spacings within Au nanoclusters. As the polymer/Au ratio is increased, the corresponding 
increase in depletion attraction can potentially decrease the interparticle spacing, while 
simultaneously increasing nanocluster size. As a result, the amount of NIR extinction 
increases, as is shown in Figure 3.5b. In addition, as the final Au concentration was 
increased (along with the final polymer concentration), the charge per primary particle in 
a cluster was decreased, potentially decreasing the interparticle spacing and increasing 
nanocluster size. The resultant increase in cluster size and decrease in interparticle 
spacings creates broader extinction spectra and greater NIR extinction (Figure 3.3b). 
The Au nanoclusters exhibited intense NIR extinction which is of interest in 
applications such as photoacoustic imaging
20
 and photothermal therapy.
22, 23, 44
 The fine 
control over nanocluster size demonstrated in this study from ~20 nm to ~40 nm is in an 
optimal range for cell uptake
54
 and blood circulation.
55
 In addition, the biodegradability 
of these nanoclusters into ~5 nm primary particles offers the possibility of clearance via 
the kidneys.
27
 In future applications, the nanoclusters would potentially be targeted to 
cancer cells via biomarkers such as epidermal growth factor receptor (EGFR) and 
consequently undergo endosomal uptake.
56
 Multiple studies have demonstrated that after 
intravascular (IV) administration in tumor animal models, injected nanoparticles 
accumulate mostly in the liver, spleen, and tumor.
57
 Since nanoclusters have been shown 
to dissociate within acidic endosomal and lysosomal compartments,
4
 we hypothesize that 
the nanoclusters in this work will dissociate completely to primary particles in the acidic 
endosomal/lysosomal cellular compartments, and that these particles will then be cleared 
from the body. 
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4.5  CONCLUSIONS 
Equilibrium phenomena play a major role in governing the size of Au 
nanoclusters, which are quenched by irreversibly adsorbed polymer on the surface. Upon 
biodegradation of various amounts of the quencher, PLA(1k)-b-PEG(10k)-b-PLA(1k), 
the clusters reversibly become smaller and eventually dissociate completely to ~5 nm Au 
monomer nanospheres. Nanocluster size was tuned from ~20 nm to ~40 nm by varying 
the ratio of polymer/Au from 10/1 to 50/1 w/w, to vary the depletion attraction induced 
by the polymer, and also by varying the Au nanoparticle concentrations from 0.9 mg/ml 
to 4 mg/ml. The surface charge on primary Au nanospheres was modified by the addition 
of positively charged lysine to originally citrate-capped nanospheres to create a mixed 
charge monolayer on the Au nanosphere surface. The incremental mixing of the polymer 
solution with the initial Au dispersion, along with solvent evaporation to raise Au and 
polymer concentrations, provided exquisite regulation of the nanocluster size. The size 
was predicted semi-quantitatively with an equilibrium free energy model as a function of 
the Au concentration and the polymer/Au ratio. The free energy model describes the 
balance between long-ranged electrostatic repulsion between primary Au nanospheres 
with short-ranged van der Waals and depletion attractive interactions. The equilibrium 
size is quenched by an irreversibly adsorbed polymer layer on the nanocluster surface, 
and remains constant even after removal of excess polymer. The close spacings of 
primary nanospheres within the nanoclusters resulted in high NIR extinction for all sizes 
of nanoclusters explored in this work. Thus, a general concept has been demonstrated for 
forming quenched equilibrium nanoclusters with tunable sizes (and in this case NIR 







Figure 3.1:   Schematic of quenched equilibrium nanocluster formation and dissociation 
process. A polymer solution is added to a Au nanoparticle dispersion, and 
the mixture is then concentrated through partial water evaporation in order 
to form Au nanoclusters. Polymer degradation upon hydrolysis results in the 




Table 3.1: Properties of nanospheres before and after place exchange 















Citrate 4.3 ± 0.7 0.44 -58.4 ± 5.3 4% n/a 




Table 3.2:    Properties of nanoclusters. The final Au and polymer concentrations are after 
solvent evaporation but prior to dilution to harvest the nanoclusters. Sample 
names contain two numbers separated by a dash: final polymer/Au mass 





























20-0.9 0.9  18 21.4 
± 4.4 
24.0 ± 6.2 10.6 -12.3 ± 
1.1 
17 ± 6 
20-1.7 1.7 34 29.4 
± 3.2 




20-4.0 4.0 80 40.1 
± 4.3 




10-1.7 1.7 17 24.0 
± 5.6 




50-1.7 1.7 85 38.4 
± 7.3 












Figure 3.2:   Representative TEM images of nanoclusters formed with a final Au 
concentration of (a) 0.9 mg/ml (20-0.9), (b) 1.7 mg/ml (20-1.7), and (c) 4.0 





Figure 3.3:   (a) DLS DH distributions, and (b) UV-Vis-NIR extinction spectra of 
nanoclusters formed with 0.9 mg/ml (20-0.9), 1.7 mg/ml (20-1.7), and 4 
mg/ml (20-4.0) final Au concentrations.  UV-Vis-NIR spectra were taken at 





Figure 3.4:   Representative TEM images of nanoclusters formed with a final Au 
concentration of 1.7 mg/ml and polymer/Au ratio of (a) 10/1 (10-1.7), (b) 





Figure 3.5:   (a) DLS DH distributions, and (b) UV-Vis-NIR extinction spectra of 
nanoclusters formed with polymer/Au ratios of 10/1 (10-1.7), 20/1 (20-1.7) 
and 50/1 (50-1.7).  UV-Vis-NIR spectra were taken at a Au concentration of 
~90 µg/ml.  All samples had final Au concentrations of 1.7 mg/ml. 
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Figure 3.6:   (a) DLS DH distributions (b) UV-Vis-NIR extinction spectra, and (c) kinetics 
of dissociation of nanoclusters with a polymer/Au ratio of 20/1 and Au 
concentration of 4.0 mg/ml (20-4.0 particles) at various times after being 
exposed to a pH 5 HCl environment.  UV-Vis-NIR spectra were taken at a 
Au concentration of ~160 µg/ml. Error bars in (c) correspond to the 
calculated standard deviation taken from DH distributions measured by DLS.    
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Table 3.3:    DLS sizes and extinction coefficients of nanoclusters at various dissociation 
time points.  
Incubation Time (h) DH (nm) ε800 (cm
2
/mg) 
0 40.1 ± 4.3 12.9 
6 25.2 ± 3.6 8.4 
12 22.7 ± 2.6 7.4 
24 16.1 ± 1.6 6.4 





Figure 3.7:   (a) DLS DH distributions and (b) UV-Vis-NIR extinction spectra for 
nanoclusters with a polymer/Au ratio of 20/1 and a final Au concentration of 
1.7 mg/ml (20-1.7 particles) before and after being exposed to a pH 5 HCl 
environment for 24 h.  DH distributions and UV-Vis-NIR spectra of 
lysine/citrate capped nanospheres are also included for reference. UV-Vis-




Figure 3.8:   Equilibrium nanocluster with diameter Dc composed of primary particles (of 
diameter D) each with ion pairs and a negative charge of magnitude q.  The 
highly charged monomer coated with ligands (negligible ion pairing) on the 
top left is repelled by the charged nanocluster (Velectrostatic).  Bound and free 




Figure 3.9:   Cluster-size contours for various values of polymer and Au concentration, 
based on the equilibrium free energy model discussed in the text.  
Hydrodynamic diameters (DLS) shown by points are in reasonable 










Table 3.4:    Zeta potentials and charges per cluster (experimental, based on zeta potential 
and aggregation number) compared with calculated charge if all monomers 








per Cluster Calc.  
% Charge 
Retained  
20-0.9 -12.3 ± 1.1 15.1 157 10.0% 
20-1.7 -16.4 ± 3.6 33.0 407 8.1% 
20-4.0 -13.2 ± 0.6 44.2 1033 4.3% 
10-1.7 -16.7 ± 3.6 24.4 221 11.0% 












Figure 3.10: Schematic of equilibrium nanocluster formation process followed by 
polymer quenching.  Curves of constant cluster diameter (Dc) as a function 
of polymer and Au concentrations are shown as countours predicted from 
the equilibrium free energy model discussed in the text and parameters in 
Table C.2.  Open symbols represent concentrations upon mixing of polymer 
and Au nanoparticle solutions, and filled symbols represent Au and polymer 
concentrations after evaporation of 50% of the solvent.  Solid lines represent 
the evaporation process, and dashed lines represent the dilution of the 
quenched clusters, during which nanocluster size is constant (i.e., quenched 
due to polymer adsorption).  Process lines are presented for 20-4.0 
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Chapter 4: Quenched Assembly of NIR Active Gold Nanoclusters 
Capped with Strongly Bound Ligands by Tuning Particle Charge via 
pH and Salinity3  
Gold nanospheres coated with a binary monolayer of bound citrate and cysteine 
ligands were assembled into nanoclusters, in which the size and NIR extinction were 
tuned by varying the pH and concentration of added NaCl.  During full evaporation of an 
aqueous dispersion of 4.5 ± 1.8 nm Au primary particles, the nanoclusters were formed 
and quenched by the triblock copolymer polylactic acid (PLA)(1k)-b-polyethylene glycol 
(PEG)(10k)-b-PLA(1k), which also provided steric stabilization.  The short-ranged 
depletion and van der Waals attractive forces were balanced against longer ranged 
electrostatic repulsion, to tune the nanocluster diameter and NIR extinction. Upon 
lowering the pH from 7 to 5 at a given salinity, the magnitude of the charge on the 
primary particles decreased, such that the weaker electrostatic repulsion increased the 
hydrodynamic diameter, and consequently, NIR extinction of the clusters. At a given pH, 
as the concentration of NaCl was increased, the NIR extinction decreased monotonically.  
Furthermore, the greater screening of the charges on the nanoclusters weakened the 
interactions with PLA(1k)-b-PEG(10k)-b-PLA(1k), and thus lowered the amount of 
adsorbed polymer on the nanocluster surface.  The generalization of the concept of self-
assembly of small NIR active nanoclusters to include a strongly bound thiol and the 
manipulation of the morphologies and NIR extinction by variation of pH and salinity is 
not only of fundamental interest, but is also important for optical biomedical imaging and 
therapy. 
                                                 
3 Large parts of this chapter have been published as: Stover, R.J.; Murthy, Nie, G.D.; Gourisankar, S.; 
Dear, B.J.; Truskett, T.M.; Sokolov, K.V.; Johnston, K.P., Quenched Assembly of NIR Active Gold 
Nanoclusters Capped with Strongly Bound Ligands by Tuning Particle Charge via pH and Salinity. Journal 
of Physical Chemistry C 2014, 118, 14291-14298.. 
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4.1 INTRODUCTION 
 Gold nanoparticles which absorb light strongly in the near-infrared (NIR) 
wavelength region from 700-1100 nm, where blood and tissue absorb weakly,
1
 are of 
great utility in biomedical imaging modalities such as photoacoustic imaging.
2-7
 Strong 
NIR extinction is often produced from nanoclusters of closely-spaced primary gold 
spheres, which can be assembled in vivo
8, 9
 or in vitro.
10-12
 Here, the close spacings of 
individual nanoparticles within the clusters produce dipoles, quadrupoles, and higher-
order multipoles that shift the surface plasmon resonance (SPR) to the NIR region.
13
 Gold 
nanoparticles have been assembled with organic templates such as polymers, proteins, 
and DNA.
14
 The interparticle spacing may be controlled in order to tune the NIR 
extinction properties of the assemblies.
15
 In most cases, substantial amounts of inactive 
templating agent were required which may limit the spectral properties or functionality of 
the active material by affecting, for example, the spacing between gold plasmonic 
nanoparticles. Primary nanoparticles may be assembled into clusters of controlled sizes 
with small amounts of structure-directing agents by properly balancing the relevant 
colloidal forces.
16, 10, 11, 17, 18, 12, 19
 Clusters of nanoparticles have also been formed during  
synthesis of primary particles from precursors in both organic
20
 and aqueous solvents in 
the presence of various stabilizers.
21-23
 In these cases, the kinetics of primary particle 
formation must be synchronized properly relative to the kinetics of nucleation and growth 
of the primary particles into clusters to prevent excessive growth and precipitation. The 
reversibility of nanoclusters to dissociate back into individual primary particles has 
received relatively little attention. In many cases, bridges between particles formed from 
soluble precursors will fuse the clusters together permanently.
21
  
  A highly versatile synthetic concept has been presented to assemble pre-
synthesized primary particles into clusters by tuning equilibrium and non-equilibrium 
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colloidal interactions, even for small amounts of stabilizers.
16, 10, 11, 17, 18, 12
 For example, 
primary iron oxide particles (~ 6 nm in diameter) have been assembled into clusters of 
~100 nm to ~500 nm by controlling solvophobic interactions between oleic acid ligands 
on the primary particles and the ethylene glycol solvent.
16
 Additionally, poly(ethylene 
glycol) (PEG)-capped gold nanoparticles have been assembled into clusters by 
modulating interparticle steric repulsions via an alkanethiol addition in water.
17
 Recently, 
our group has developed a “quenched equilibrium” assembly method to assemble small 
(~4 nm) gold nanoparticles into clusters of controlled size and intense NIR extinction 
which reversibly dissociate to monomer.
10-12
 The nanocluster diameter was predicted 
semi-quantitatively with a free-energy equilibrium model whereby attractive, short-
ranged van der Waals and depletion interactions were balanced against repulsive, longer-
ranged electrostatic interactions. Nanoclusters were “quenched” at a metastable 
equilibrium size by the adsorption of a biodegradable triblock copolymer, PLA(1k)-b-
PEG(10k)-b-PLA(1k), to the gold surface. At the minimum free energy, the equilibrium 




    𝑛∗ =
5𝑎𝑅
6𝜆𝑏𝑘𝑇𝑞
2                     (4.1) 
 
where a is the attractive short-ranged interaction between particles (in kT units) , 
R is the primary particle radius (in nm), and λb is the Bjerrum length (in nm).
12
 
Previously, this model has been used to predict the size of equilibrium Au nanoclusters 
semi-quantitatively, whereby short-ranged van der Waals and depletion interactions were 
tuned by varying Au and polymer concentrations, respectively.
12
   







 provided insight into the mechanism of formation of 
reversible gold nanoclusters with high NIR extinction, the weak binding of the lysine 
ligands on the Au surfaces may have limited the nanocluster stability.   In the protonated 
form, the amine group in lysine is known to bind very weakly to Au,
26
 although it forms 
ion pairs with citrate ligands on Au surfaces.
27
  A weakly bound ligand may be displaced 
in vivo or in cells by free thiols such as glutathione (GSH), as has been observed in 
related systems.
28, 29
  To overcome this stability limitation, many strongly bound ligands, 
for example, thiolated or zwitterionic molecules may be investigated. Although 




 Recently, we reported ~4 nm Au primary particles capped with a binary 
monolayer of cysteine and citrate ligands at a ratio of 1.6/1 that do not adsorb any protein 
when incubated in fetal bovine serum, despite a moderate surface charge (zeta potential 
of -22 mV).
19
  We hypothesize that the zwitterionic tips on the cysteine facilitate the 
weak protein adsorption by shielding the protein from the buried carboxylate charged 
groups of citrate. However, it remains unknown whether nanoclusters could be formed 
from these primary particles. Furthermore, the effect of the charge of the primary particle 
on the nanocluster morphology has received little attention, and the roles of pH and 
salinity have not been investigated.
12, 19
  
  Herein, we extend the concept of colloidal assembly of quenched 
nanoclusters to the case of primary Au nanospheres capped with a mixed monolayer 
containing a zwitterionic strongly bound thiol ligand, cysteine, along with citrate. 
Furthermore, the nanocluster size and UV-vis-NIR extinction are shown to be tunable by 
varying the pH and/or the concentration of added NaCl, which modulate the particle 
charge and degree of polymer adsorption.  The compositions of the mixed ligand 
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monolayers on the surface of primary gold nanoparticles are controlled via a place 
exchange reaction of anionic citrate ligands with zwitterionic cysteine ligands (see Figure 
4.1). A dispersion of cysteine/citrate-capped Au nanospheres was assembled into 
nanoclusters upon mixing with an aqueous solution of the triblock copolymer PLA(1k)-b-
PEG(10k)-b-PLA(1k) and subsequent complete evaporation of the solvent.
12
 The 
nanocluster size and NIR extinction are shown to increase with a decrease in surface 
charge (electrostatic repulsion) upon lowering the pH. At a given pH, an increase in 
salinity is used to vary the NIR extinction.  Furthermore, the Debye screening weakens 
the interactions between the Au surfaces and the copolymer, resulting in a decrease in 
polymer content in the nanoclusters.  The ability to further tailor the morphology and 
NIR properties of Au nanoclusters with the variables of pH and salinity, and to advance 
the understanding of the kinetic and equilibrium aspects of the self-assembly mechanism 
is not only of scientific interest, but of practical interest for optical biomedical imaging 
and therapy. 
 
4.2 EXPERIMENTAL  
4.2.1 Materials 
 HAuCl4·3H2O was purchased from MP Biomedicals LLC (Solon, OH). 
Na3C3H5O(COO)3·2H2O, NaBH4 from Fisher Scientific (Fair Lawn, NJ), and L-cysteine 
from Acros Chemicals (Morris Plains, NJ). PLA(1k)-b-PEG(10k)-b-PLA(1k) was 
acquired from Sigma-Aldrich (St. Louis, MO). Phosphate-buffered saline (PBS) was 
purchased from Gibco (Grand Island, NY).  
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4.2.2 Synthesis of citrate-capped Au nanospheres and cysteine ligand exchange 
The ~4 nm citrate-capped Au nanospheres were synthesized by the NaBH4 
reduction of HAuCl4 and purified by tangential flow filtration, in an identical method to 
previous studies.
12
 Cysteine place exchange was conducted according to a previously 
described method.
19
 Briefly, a solution of 1% (w/v) cysteine in deionized water was 
freshly prepared. In a typical experiment, 3.2 µl of this solution was added to 0.6 ml of a 
3 mg/ml citrate-capped Au nanosphere dispersion, and the mixture was stirred at room 
temperature for 15 min. To test exchange stability, a single nanosphere sample was 
reacted for 24 hours at room temperature as well. Immediately after the 15 minute 
reactions, nanospheres were either used for nanocluster formation or diluted for 
characterization. 
 
4.2.3 Nanosphere Characterization 
 Following cysteine ligand exchange, nanosphere samples were either 
diluted to a concentration of ~0.04 mg/ml Au in DI water for dynamic light scattering 
(DLS) or UV-Visible-NIR (UV-Vis-NIR) analysis, or diluted to ~0.04 mg/ml Au in 1 
mM KCl for zeta potential analysis. DLS measurements were taken on these diluted 
samples using a Brookhaven ZetaPALS analyzer with a scattering angle of 90° as 
reported previously.
12, 19
 Each sample was filtered through a 200 nm polyethersulfone 
filter prior to testing.  The data were analyzed using the CONTIN method (Brookhaven 
DLS software version 3.34), and the Stokes-Einstein equation was used to obtain 
intensity-weighted distribution of hydrodynamic diameters. The data were fit using a 32-
channel auto-slope analysis option on each sample without specifying a minimum or 
maximum bound. UV-Vis-NIR spectroscopy of diluted nanocluster samples was obtained 
using a Varian Cary 60 spectrophotometer with a path length of 1 cm.  Unless otherwise 
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noted, the extinction was normalized as unity at the peak wavelength longer than 500 nm. 
Unless specified otherwise, zeta potential measurements were performed using a 
Brookhaven ZetaPALS analyzer with an applied electric field of 5 V/cm, in which 10 
runs of 30-cycle measurements were taken.  In a few samples, zeta potentials taken of the 
24 hour cysteine place exchanged nanospheres were obtained using a ZetaPlus analyzer 
in high precision mode of 30 single-cycle measurements under an applied electric field of 
15 V/cm. The average and standard deviations of these measurements are reported. Due 
to the nanocluster size (see Results), the Hückel model was used to relate the measured 
electrophoretic mobility to a zeta potential.
30
 Au dispersion concentrations were 
determined by flame atomic absorption spectroscopy (FAAS), utilizing a GBC 908AA 
analyzer (GBC Scientific Equipment Pty Ltd.) with an air/acetylene flame at a 
wavelength of 242.8 nm. Citrate ligand weight percents were measured on an OI 
Analytical 1030 TOC analyzer run in wet oxidation mode with 20 wt % sodium 
persulfate (Acros Chemical; Morris Plains, NJ). A sample of citrate-capped Au 
nanoparticles was diluted in DI water to ~4 ppm Au and run in non-purgeable organic 
carbon (NPOC) mode with a reaction time of 3 minutes. 
 
4.2.4 Nanocluster Formation 
 Immediately after the completion of the cysteine place exchange reaction, 
cysteine/citrate-capped Au nanospheres were used to synthesize nanoclusters in a manner 
adapted from a previously reported method.
12
 A 30 mg/ml solution of PLA(1k)-b-
PEG(10k)-b-PLA(1k) was freshly prepared, with salt concentrations ranging from 0 mM 
to 100 mM. 250 µl of a 30 mg/ml polymer solution was added to 0.5 ml of 3 mg/ml 
cysteine/citrate capped nanospheres under vigorous stirring in order to achieve a 5/1 
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polymer/Au ratio. The polymer-gold mixture was then adjusted to the desired pH, as 
measured by a Mettler Toledo InLab Micro pH probe, using either 0.1 M HCl or 0.1 M 
NaOH and added to a 15 mm x 45 mm glass vial, which was placed in a 40 °C water bath 
and stirred vigorously. Dried air was subsequently blown over the sample through a small 
tube inserted into the vial at a flow rate of approximately 26 L/min. In all cases, the 
aqueous solvent was fully evaporated, which typically took ~35 min to form a film. After 
solvent evaporation, the nanoclusters were dispersed by adding 30 ml of deionized water 
to the sample. The resulting solution was then centrifuged in a 50 ml polystyrene 
centrifuge tube at 9700 rpm for 10 min, resulting in ~1 ml of a lower colloidal phase of 
densely-packed nanoclusters, which was collected.  An upper colloidal phase (~ 29 ml) of 
monomer Au and highly fractal smaller aggregates was discarded. A light meniscus was 
observed between the dense lower phase and the upper phase.  
 
4.2.5 Nanocluster Characterization 
  Nanocluster morphology was assessed by transmission electron 
microscopy (TEM), which was performed on an FEI TECNAI G2 F20 X-TWIN TEM 
using a high-angle annular dark-field detector. Samples were prepared by first dipping a 
200 mesh copper-coated carbon type-A TEM grid (Electron Microscopy Sciences, 
Hatfield, PA) into liquid nitrogen. A 3 μL drop of dilute nanocluster dispersion was then 
pipetted onto the grid, which was then subsequently dried using a VirTis Advantage tray 
lyophilizer (VirTis, Gardiner, NY). DLS, UV-Vis-NIR, and zeta potential measurements 
were performed on the nanoclusters in an identical manner to the primary nanospheres at 
the same mg/mL concentration of Au. The total carbon weight percent was measured 
using the same OI Analytical 1030 TOC analyzer used for citrate analysis above. The 
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weight percent of carbon was then derived from the concentration of CO2 detected, in 
ppm, for samples with a known Au concentration by UV-visible measurements at  400 
nm..  
 
4.3 RESULTS AND DISCUSSION 
4.3.1 Synthesis of Cysteine/Citrate Nanospheres 
The cysteine/citrate-capped nanospheres used in this study were synthesized 
identically to nanospheres reported in a previous study.
19
 The UV-Vis-NIR spectra and 
DLS Dh distribution of these nanospheres (Figure D.1) at ~pH 7 were determined to be 
essentially the same as those in the previous study
19
 Also, the zeta potential of the 
nanospheres at pH 7 and a concentration of 1 mM KCl, was -22.5 ± 0.6 mV, similar to 
the earlier value of -21.6 ± 1.7 mV.
19
 With 25 mM acetic acid buffer at pH 7 a similar 
value of -22.3 ± 2.3mV was measured. The zeta potentials were not measured at a salinity 
of 100 mM NaCl at pH 7 as the primary particles underwent aggregation.  Moreover, in 
order to verify the degree of the cysteine ligand exchange with time, the zeta potential of 
the primary particles in 1 mM KCl was measured after 24 h of exchange. Here, the zeta 
potential after 24 h was -19.6 ± 2.4 mV, similar to the zeta potential of -22.5 ± 0.6 mV 
after 15 min. Thus, we conclude that the cysteine ligand exchange reaction reached a 
steady state equilibrium value after ~15 min. On the basis of these measurements and 
expected electrostatic screening with added salt, the changes in pH and salinity in this 
study are sufficient to manipulate the nanoparticle surface charge. 
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4.3.2 Effect of pH on Nanocluster formation 
For pH values of 5 and 7, the nanocluster properties were determined either 
without added salt or with initial salinities of 17 or 33 mM (Table 4.1).  Each sample is 
referred to by the notation of “pH-initial salinity”, i.e. 7-17 for pH 7, and 17mM initial 
NaCl after polymer addition.  The TEMs indicated a high polydispersity in the cluster 
size as shown in Figure 4.2b and 4.2c, where sizes were on the order of ~20  to ~100 nm. 
Given the high polydispersity, DLS intensity-weighted size distributions are reported 
throughout this paper and it was not attempted to determine volume distributions.  It is 
however important to recognize that the mean size would be much smaller for the volume 
distribution.  For samples made with no added NaCl, the hydrodynamic diameter of the 
clusters in the range of 40 to 250 nm shifted to smaller sizes with a pH increase from 5 to 
7 (Figure 4.2a). This size decrease is consistent with the free energy model (Eq. 4.1), as 
the charged ligands on the gold surface become more deprotonated, which  increases the 
magnitude of the charge. Thus the resulting stronger electrostatic repulsion between 
primary particles would limit growth of clusters as observed. In this self-limited growth 
model (Eq. 4.1) , as the overall charge in the cluster increases with each added primary 
particle, the cluster will eventually repel the addition of another charged particle.  At pH 
7 with larger charges on the primary particles, this condition will be realized at a smaller 
cluster size as observed. 
The increase in the magnitude of charge from pH 5 to 7 may be shown to 
influence the decrease in the NIR extinction in two ways. Without added NaCl, the 
extinction ratio A800/A525 was observed to decrease from 0.825 to 0.728. For a given 
spacing between primary particles, the extinction ratio is known to decrease with a 
decrease in the nanocluster size, as the SPR will become less polarized for a smaller 
cluster diameter.
10, 12
 Also, the greater electrostatic repulsion has the potential to increase 
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the spacing between Au primary particles, which would also contribute to a decrease in 
A800/A525.  Each of these trends with pH was also observed for 17 mM initial salinity.  
Here, the size distribution shifted to smaller sizes at pH 7. Furthermore, the extinction 
ratio dropped from 0.635 to 0.501, and for 33 mM NaCl, from 0.619 to 0.419. One 
exception to this behavior was the unusually high amount at 100-250 nm for the 33 mM 
initial salinity. 
The total organic carbon (TOC) was measured for pH values of 5 and 7, at each 
salinity. For citrate-capped particles alone, the weight % carbon was determined to be 
9.68 ± 0.46 %. As shown in table 4.1 for samples 5-0 and 7-0, the weight % of carbon on 
the nanoclusters decreased slightly from 26.9 ± 0.6 % to 24.3 ± 0.5 %, respectively.  For 
the other two salinities the changes in TOC were even smaller. The weight % of the 
mixed citrate/cysteine monolayer is the same for all samples, as each nanocluster was 
composed of one type of primary nanoparticle. Thus, the changes in weight % C will 
only reflect changes in the weight % of adsorbed polymer. Since the pH had little effect 
on the C weight % at a given salinity, it also did not influence the polymer adsorption. 
 
4.3.3 Effect of salt at constant pH 
At each pH, the nanoclusters were assembled with the addition of 30 mg/mL 
polymer solutions containing 0 mM, 17 mM, or 33 mM NaCl. As the salinity increased, 
the TOC results indicate a decrease in weight % C and thus polymer adsorption. For the 
triblock PLA-b-PEG-b-PLA copolymer, the addition of NaCl will raise the chemical 
potential of the polymer in water due to desolvation of PEG,
31-33
 which alone would 
enhance the driving force for polymer adsorption.  However, salt also screens the charges 
on bound ligands and thus weakens the charge-dipole interactions and hydrogen bonding 
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with the polymer, which disfavors polymer adsorption.  Therefore, the decrease in 
polymer adsorption indicates the charge screening is the dominant effect. In contrast, the 
polymer adsorption did not change much with an increase in pH at a given salinity 
despite the greater magnitude of the Au surface charge. Thus, some compensating effect 








 ions with the Au surfaces and 
ether oxygens in the PEG blocks. 
As the NaCl concentration increases the electrostatic repulsion between primary 
particles decreases, which would be expected to shift the nanocluster size distribution to 
large sizes according to Eq. 4.1.  In all but a single case this behavior was observed at 
each pH except for sample 7-17 which showed a modest gain in the smallest part of the 
distribution. With greater attraction between the primary particles, the primary particles 
could potentially become spaced more closely together, which would increase the NIR 
extinction.  Instead, the opposite behavior was observed whereby the NIR extinction 
decreased with salinity.  Perhaps the steric effects of the citrate and cysteine ligands 
limited the minimum spacing between the primary particles. Another possibility is that 
the NIR extinction is also influenced by the kinetics of assembly, which may influence 
the fractal dimensions.
34
 In this scenario, the clusters may form more rapidly at higher 
salt concentrations due to the weaker electrostatic repulsion. Thus, the more strongly 
interacting nanoparticles will have less time to explore the interior of growing clusters 
and will have a smaller driving force to relax to form more dense aggregates. The 
behavior would be more indicative of diffusion limited cluster aggregation, resulting in 
looser, more fractal aggregates which would inherently yield lower NIR extinction. 
However any changes in the fractal dimension were not discernible in the TEM images. 
Similar effects of salt were seen at pH 5 as observed at pH 7 for the polymer 
adsorption, size distribution and the NIR extinction ratio. The average size distributions 
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of the clusters shifted slight toward larger particles, as expected with the greater 
screening of electrostatic repulsion. Again, the extinction ratio decreased, as well as the 
polymer adsorption. 
 
4.3.4 Comparison to Nanoclusters Made with Lysine/Citrate Nanospheres 
 The cysteine/citrate capped primary Au nanospheres used in this study have been 
previously shown to completely resist protein adsorption in undiluted fetal bovine 
serum.
19
 Interestingly, however, in the present study these primary nanospheres were 
found to aggregate and settle immediately after incubation in both 1x phosphate buffered 
saline (PBS) or 150 mM NaCl at a gold concentration of ~0.04 mg/ml (data not shown), 
which is approximately the same salinity as FBS. Here charge screening weakens the 
electrostatic repulsion. The stability in FBS but not in NaCl nor PBS may be attributed to 
a potential “depletion stabilization” mechanism, whereby the proteins present in FBS 
impart stability to the primary nanospheres through creating a stabilizing osmotic 
pressure gradient without physically adsorbing to the nanosphere surfaces.
35
 This 
mechanism has been previously proposed for the stabilization of Au nanoparticles in 
solutions of high salinity with PEG as well as iron oxide nanoparticles in fetal calf serum 
(FCS)-supplemented cellular growth media.
36, 37
  
The use of zwitterionic cysteine instead of cationic lysine as a ligand along with 
citrate in the mixed monolayer-capped primary nanospheres also significantly affected 
the nanocluster formation process. The addition of zwitterionic cysteine reduced the 
charge on the primary particle to -21.6 ± 1.7 mV compared to-16.1 ± 2.9 mV with the 
addition of cationic lysine,
12, 19
 resulting in a higher q value in Eq. 4.1 for cysteine/citrate 
capped nanospheres. Thus, in order to obtain similar nanocluster sizes and morphologies, 
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the attraction a had to be increased to overcome the excess repulsion. Thus, higher 
evaporation extents (~100% vs 50%) were used to achieve nanoclusters with the closely 
packed Au nanospheres necessary for intense NIR extinction. Moreover, the use of salt 
and pH modulation in the formation of cysteine/citrate nanoclusters allowed for lower 
polymer/Au ratios (5/1 compared with 20/1 for lysine/citrate), as a lower polymer/Au 
was required in order to achieve a similar level of quenching. 
 
4.4 CONCLUSIONS 
The concept of the colloidal assembly of gold nanoclusters quenched with a 
polymer stabilizer
10-12, 19
 has been generalized to include primary particles capped with a 
strongly binding zwitterionic thiol, cysteine, to form a binary monolayer with citrate. 
Furthermore, the solution pH and salt concentration have been utilized as new variables 
to tune the particle size, NIR extinction and degree of polymer adsorption by 
manipulating the colloidal interactions, particularly the Au surface charge on the primary 
nanospheres. At each salinity (0 to 33 mM), the hydrodynamic diameter and NIR 
extinction increased as the solution pH was decreased from 7 to 5, consistent with weaker 
electrostatic repulsion, as would be expected from the equilibrium free energy model. 
Furthermore, at a given pH, the size distribution shifted to larger clusters with salt 
addition, again as may be expected with weakened electrostatic repulsion. Therefore, the 
free energy model may be used to provide a unified understanding of the size data in this 
study over a wide range of conditions in pH and salinity. Finally, the polymer adsorption 
decreased as the screening of the charges on the Au surfaces with salt weakened the 
interactions with the polar groups on PLA(1k)-b-PEG(10k)-b-PLA(1k).  The ability to 
further tailor the morphology and NIR properties of Au nanoclusters with the variables of 
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pH and salinity, resulting from the emerging understanding of the kinetic and equilibrium 
aspects of the self-assembly mechanism in the current and previous studies
11, 17, 22, 12, 19
, 
will be highly beneficial  for practical application to optical biomedical imaging and 





















Figure 4.1: Schematic of nanoclusters assembled from cysteine/citrate capped Au 
nanospheres and stabilized with PLA(1k)-b-PEG(10k)-b-PLA(1k). The 
nanoclusters are formed upon mixing Au dispersions with polymer 
solutions, in some cases containing NaCl, and then full evaporation of the 
solvent. The dashed lines for the adsorbed polymers on the clusters 
















Table 4.1:     Effects of solution pH and salinity on intensity weighted hydrodynamic 
diameter size distribution, UV-Vis-NIR extinction ratios, and weight percent 





DLS Intensity Weighted 
Size Distributions (nm) 
(Cumulative Size %) 
A800/A525 
Weight % Organic 
Carbon (from TOC) 
5-0 0 
5-40 (23%)   
40-100 (25%)  
100-250 (52%) 
0.825 26.9 ± 0.6 
5-17 17 
5-40 (18%) 
40-100 (22%)  
100-250 (60%) 
0.635 20.7 ± 0.9 
5-33 33 
5-40 (12%)  
 40-100 (19%) 
 100-250 (69%) 
0.619 17.9 ± 0.7 
7-0 0 
5-40 (9%)  
 40-100 (62%)  
100-250 (29%) 
0.728 24.3 ± 0.5 
7-17 17 
5-40 (20%)  
 40-100 (52%)  
100-250 (28%) 
0.501 20.2 ± 0.5 
7-33 33 
5-40 (20%) 
 40-100 (4%)  
100-250 (76%) 












Figure 4.2: (a) UV-Vis-NIR extinction spectra, and TEM images for nanoclusters made 









Figure 4.3:   UV-Vis-NIR extinction spectra of nanoclusters made with (a) 17 mM and 
(b) 33 mM initial NaCl concentrations at pH 5 and 7. The syntax “5-17” 









Figure 4.4:   (a) UV-Vis-NIR extinction and TEM Images of clusters made at pH 7 and 









Figure 4.5:    (a) UV-Vis-NIR extinction and TEM Images of clusters made at (b) 0 mM 
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Chapter 5: Formation of Small Gold Nanoparticle Chains with High-
NIR Extinction Through Bridging with Calcium Ions4 
 
Citrate capped Au nanoparticles (5 nm) were assembled into branched nanochains 
with CaCl2 and more spherical nanoparticle clusters with NaCl by tuning the colloidal 
interactions. The electrostatic repulsion and the interparticle bridging attraction between 
the cations and citrate ligands were varied by changing the concentration of either Na+ or 
Ca
2+
 at pH 7 to form the nanoclusters at various times from 1 to 1800 s.  For very dilute 
Ca
2+
 and thus very thick double layers around the particles, strong interparticle bridging 
resulted in small branched chains with lengths as short as 20 nm and strong NIR 
extinction out to 1100 nm. Furthermore, the bridging produced very small interparticle 
spacings leading to partial fusion that further increased the NIR extinction. The ability to 
design the size and shape of nanoparticle clusters, as well as the interparticle spacing by 
tuning bridging and electrostatic interactions, may be expected to be quite general and of 










                                                 
4 Large parts of this chapter have been submitted as: Stover, R.J.; Moaseri, E.; Gourisankar, S.; Iqbal, M.; 
Rahbar, N.K.; Changalvaie, B.; Truskett, T.M.; Johnston, K.P., Formation of Small Gold Nanoparticle 
Chains with High NIR Extinction through Bridging with Calcium Ions. Lanmguir, submitted. 
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5.1  INTRODUCTION 
 Nanoparticle clusters (nanoclusters, supraparticles) may be assembled from 
primary metal and semiconductor nanospheres by tuning the colloidal interactions. The 
morphology may be controlled from 1-D chains to 3-D spherical aggregates by an 
emerging understanding of how to balance the interparticle electrostatic and steric 
repulsion against the van der Waals (vdW) attraction, dipolar interactions, hydrophobic 
interactions, hydrogen bonding between ligands on the surface, and bridging interactions 
of these ligands with ions.
1-5
 “Pearl-necklace” aggregates of closely spaced CdTe primary 
particles have been formed upon removal of thioglycolic acid (TGA) ligands from the 
surface to decrease electrostatic repulsion.
6
 In this case, the permanent dipoles on the 
semiconductor nanocrystals provided an anisotropic force to guide linear assembly as has 
been described by Monte Carlo computer simulation.
7
  For citrate stabilized Au 
nanoparticles (NPs), the formation of large dipoles on the NPs, upon partial replacement 
of citrate with 2-mercaptoethanol, was utilized to synthesize long branched chains.8 
Zhang and Wang  presented a model for the formation of 1-D chains based on a stronger 
net electric field and thus greater electrostatic repulsion of a particle at the side of a chain 
relative to the chain end.
9
 They also were able to control the chain size by varying the 
electrostatic repulsion relative to the vdW attraction and dipolar interactions arising from 
the surface ligands. Enustun and Turkevich hypothesized that 1-D chains may be formed 
under slow coagulation (days to months) at low ionic strengths to maintain a thick double 
layer, when the total interaction potential was relatively small.
10 
The low potential was 
obtained either with a low coverage of ionic citrate ligands on the surface, or low pH to 
decrease the charge of the ligands on the surface. Similarly, long branched chains 
composed of 10 nm citrate coated Au NPs in ethanol/water mixtures were formed by 




One of the simplest methods to investigate the mechanism and rate of NP 
assembly is to control the electrostatic repulsion with inorganic electrolytes in water to 
vary the Debye length, as described by DLVO theory.
10, 12-14
 A key factor that governs 
the rate of aggregation of Au NPs is specific binding or bridging of carboxylate ligands 
on the surfaces with added monovalent cations.
13, 15-16
 These bridging interactions 
become much stronger for divalent ions
12, 17






  have been 
used to chelate Ag and Au particles stabilized by lipoic acid, to form multilayer 3D close-
packed structures.
18
 Au NPs were also assembled into monodisperse spherical clusters 




 with close packed order.
16
 
If this bridging attraction could be properly modulated against electrostatic repulsion and 
vdW attraction, it might be possible to control the properties of 1-D nanoclusters as well 
as 3-D nanoclusters.  
To date, relatively few studies have reported colloidal assembly of Au and Ag NP 
clusters smaller than 70 nm from pre-synthesized sub-10 nm primary particles; although 







, and conductors for electronics
22
. In the 
field of biomedical imaging and therapy, NPs smaller than 70 nm are often favored, as 
they have slower uptake by the reticuloendothelial system (RES) and also undergo more 
rapid endocytosis in cancer cells.
23  
 
For nanoclusters with very closely-spaced primary particles, the extinction spectra 
of the surface plasmon resonance shifts into the NIR region from 700-1100 nm, where 
blood and tissue are relatively transparent.
4, 20, 24-25
 The red shift increases as the spacings 
between the primary particles decreases and the aggregation number increases given 
changes in the instantaneous dipoles and multipoles of the oscillating electrons.26-30  In 




 For example, Au NPs stabilized by a very short ligand, homocysteine, 
exhibit SPR bands shifts to 800 nm for aggregates of 30 nm Au particles, but only to 650 
nm for 11 nm particles.
32 
Thus, it appears to be a major challenge to shift the SPR to 1000 
nm for sub-10 nm NPs.  
A potential strategy to assemble Au NP clusters with high NIR extinction would 
be to design incomplete, non-uniform  coverage of ligands on the particle surfaces to 
allow very close interparticle spacings on the order of <0.5 nm.  Limited surface coverage 
has been used to achieve such small spacings for “pearl necklaces” that they could be 
converted to nanowires.
6
 Similarly, 14 nm citrate-capped gold NPs adsorbed at an oil-in-
water interface fused to form wires over 7 days, whereby the NIR extinction increased 
out to 1000 nm.
33
 Furthermore, small Au nanoclusters with close spacings and strong 
NIR extinction were produced by exchanging citrate ligands with very weekly bound 
lysine molecules to weaken electrostatic repulsion.
34
 For citrate ligands on Au NPs, an 
edge-to-edge spacing of 1.28 nm has been observed, which is only somewhat smaller 
than twice the estimated thickness of 0.7 to 1 nm for a citrate layer on Au.
35
   Given that 
broad NIR extinction out to 1100 nm is observed for ~70 nm Au nanoclusters comprised 
of very small 5 nm primary particles coated with citrate ligands, it would appear that the 
spacings between primary particles must be less than 1.28 nm.
36-39
 Moderate NIR 
extinction out to 1000 nm was observed for 5 nm citrate-capped gold NPs assembled into 
mostly linear aggregates after covalent modification with N-ethyl-N-
(dimethylaminopropyl) carbodiimide (EDC).
36
 However, high-resolution TEM (HR-
TEM) indicated that the 70-100 nm aggregates underwent partial fusion from Ostwald 
ripening. In a related study, partial fusion between closely spaced NPs led to strong NIR 
shifts upon removal of citrate stabilizers from gold NP surfaces, although the particle size 
was not controlled.40 Based on these advances, a remaining challenge would be to utilize 
 118 
interparticle attractive interactions with incomplete ligand coverage on the surface to 
achieve very closely spaced primary particles in nanoclusters to achieve strong NIR 
extinction for small nanoclusters with controlled shape.   
Herein, we tune the assembly of 5 nm citrate-capped Au primary nanospheres to 
form either 1-D or 3-D NP clusters simply by adding monovalent or divalent cations to 
manipulate the colloidal interactions. Our hypothesis is that utilization of bridging 
attraction between cations and the citrate ligands, in addition to vdW and dipolar 
attraction, offers an additional degree of freedom to better tune the cluster size, shape and 
interparticle spacing. The electrostatic repulsion and the interparticle bridging attraction 




 at pH 7. A 
mechanism is presented to describe the change from 3-D NP clusters observed with Na
+
 
to branched nanochains with Ca
2+
 by varying the range and strength of the electrostatic 
interactions relative to the bridging interaction. To form nanochains, thick double layers 
will be used at low Ca
2+
 concentrations to achieve selective growth on the chain ends 
relative to the sides, in the presence of the strong short-ranged bridging interaction. The 
effect of cation charge and concentration on the spacing between the primary particles 
within the nanocluster is analyzed from TEM micrographs and the red shift in the SPR.  
Partial fusion of the primary particles was observed for Ca
2+
 as a consequence of small 
interparticle spacings resulting from the strong interparticle bridging attraction. During 
approach of the NPs, the diffusion of citrate molecules on the surface or citrate 
desorption
11
 could allow for close interparticle spacings in the clusters, given that Park et 
al. reported citrate coverages of only ~45 % on gold NP surfaces.
35
 We demonstrate that 
close spacings and partial fusion may be used to achieve strong NIR extinction out to 
1100 nm in short nanochains with lengths from 20 to 50 nm. In order to harvest the 
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growing nanoparticles at short times, they were quenched simply by dilution to lower the 
ion concentration; they were stable for 20 days.  
 
5.2 METHODS AND MATERIALS 
 Tetrachloroauric acid (HAuCl4·3H2O) and L-Lysine were purchased from 
Acros Chemicals (Morris Plains, NJ). Sodium borohydride (NaBH4), sodium citrate 
(Na3C6H5O7·2H2O), calcium chloride (CaCl2), sodium chloride (NaCl), hydrochloric acid 
(HCl), and sodium hydroxide (NaOH) from Fisher Chemical (Fair Lawn, NJ), PLA(1k)-
PEG(10k)-PLA(1k) from Sigma Aldrich (St. Louis, MO), Proteinase K enzyme from MP 
Biomedicals (Solon, OH) and phosphate-buffered saline (PBS) from Gibco (Grand 
Island, NY). 
 
5.2.1 Synthesis of primary citrate-capped nanospheres and addition or removal of 
citrate 
Citrate-capped ~4 nm primary nanospheres were synthesized via a previously 
reported procedure.
37, 41
 First, 30mL of a 25.4 mM HAuCl4·3H2O solution was added to 3 
L of DI water at 95 °C under vigorous stirring. Next, 30 mL of a 34.0 mM 
Na3C6H5O7·2H2O solution was added to the boiling solution. Approximately one minute 
later, as the solution darkened, a solution containing 30 mL of 34.0 mM 
Na3C6H5O7·2H2O and a 19.8 mM NaBH4 was added which resulted in a bright red color. 
The solution was then cooled in an ice bath before centrifugation at 14,000 rcf for 10 min 
to remove large aggregates. The supernatant was then concentrated and purified using a 
combination of tangential flow filtration (TFF) to a final volume of ~200 mL. Then filter 
centrifugation was carried out at a speed of 6000 rpm for 5 min to yield a final volume of 
 120 
the solution of ~10 mL. Finally, approximately 20 mL of DI water was added to achieve 
a final Au concentration of ~3 mg/mL and final Na-Citrate concentration of 0.3 mM. 
To lower the amount of excess citrate ions in the solution and on the Au surfaces 
for certain experiments, 2 mL of a 3 mg/mL Au solutions were diluted with 5 ml of DI 
water, placed into a 30 kDa filter centrifuge tube and spun at 6,000 rpm for 5 minutes to a 
final volume of ~0.5 mL. Once finished, an additional 6.5 mL of fresh DI water was 
added and the sample was centrifuged a second time. This procedure was repeated two 
more times.  This low citrate level sample was then diluted to 0.3 mg/mL Au for 
nanocluster formation. 
In some circumstances, a 100/1 molar excess of sodium citrate was added to the 
as-prepared gold nanoparticles at 0.3 mg/mL Au. In this case, the concentration of Na-
Citrate in the system was raised from ~0.03 mM to 3 mM. However the excess Na-
Citrate was added directly to the reaction mixture containing DI and electrolytes during 
cluster formation. No prior incubation of the particles with the excess Na-Citrate took 
place prior to cluster formation.  
 
5.2.2 Characterization of nanospheres 
Nanospheres were diluted to ~0.3 mg/mL Au and filtered through a 200 nm 
polyethersulfone (PES) syringe filter prior to dynamic light scattering (DLS), zeta 
potential, and UV-vis-NIR measurements. As reported previously,
37-38
  hydrodynamic 
size distributions were measured on a Brookhaven ZetaPALS instrument using a 90° 
detection angle using a non-negatively constrained least squares multiple pass (NNLS) 
method and an auto-fit slope analysis option. Sizes less than 3 nm were ignored in the 
reported distributions on the basis of TEM micrographs, which indicated no particles that 
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small (Figure E.1).  It is well-known that DLS models may yield unphysically small 
peaks for gold particles.
42
 Intensity weighted DLS distributions are given for several 
samples in the supplemental section. For systems with small absorbance at the laser 
wavelength (650 nm), we also report volume distributions. For systems with high 
absorption at 650 nm, the conversion from the intensity distribution to the volume 
distribution would require Mie theory analysis, beyond the scope of this study. Thus, for 
systems with an absorbance ratio, A1000/525, greater than 0.1, we report the minimum 
value of the larger NNLS Intensity-weighted peak. The larger peaks were ignored as very 
small fractions of large particles create intense scattering. This protocol was found to 
yield diameters that were in agreement with the TEM number average diameters as 
shown in Table E.7.  
The zeta potentials were measured using the Brookhaven ZetaPALS instrument in 
the ZetaPALS mode. The gold concentration of the measured samples was 0.015 mg/mL 
at pH 7 and at various ionic strengths of NaCl and CaCl2. Here the concentration was 
very dilute to minimize particle aggregation prior to measurement. A minimum of five 
runs were performed for each sample with 10 cycles with an average applied electric field 
of ~ 9 V/cm. All values reported assume the Hückel model. UV-vis-NIR spectroscopy 
was obtained with a Varian Cary 60 spectrophotometer with a sample path length of 1 
cm. Extinction peaks were normalized to 1 for clarity of comparison. Most extinction 
results are reported as ratios of the absorbance at 1000 nm relative to 525 nm, termed 
A1000/525, throughout this study. 
Thermogravimetric analysis (TGA) measurements were made with a Mettler 
Toledo TGA/DSC 1 STAR. Samples were dried under desiccated air. The final sample 
was heated from 25 °C to 900 °C at a rate of 10 °C/min under nitrogen flow. 
 122 
Gold concentrations were determined through flame atomic absorption 
spectroscopy (FAAS) using a GBC 908AA analyzer (GBC Scientific Equipment Pty 
Ltd.) with an air/acetylene flame at a wavelength of 242.8 nm. Samples were prepared by 
dissolving a known volume of nanospheres in an Aqua Regia (3:1 HCl:HNO3, v/v) 
solution before exposing them to the flame. The absorbance data were then related to a 
set of Au standards of known mass to determine the sample concentration. 
 
5.2.3 Nanocluster Formation 
 Varying amounts of 5 % NaCl or 0.5 % CaCl2 were added to DI water 
prior to Au NP addition for a final volume of 1 mL. Then, 1 mL of the 0.3 mg/mL citrate-
nanoparticle solution was added to a final Au concentration of 0.15 mg/mL.  The 
electrolyte concentrations reported throughout the paper are the concentrations after both 
solutions were mixed. At differing time points, 200 μL of the resulting solution was 
removed and diluted to 0.025 mg/mL Au in 1 mL of DI water to reduce the concentration 
of electrolyte and Au to effectively quench the reaction by increasing the electrostatic 
repulsion and reducing the rate of interparticle collisions. 
 
5.2.4 Nanocluster Characterization 
 Immediately after cluster dilution, nanocluster samples underwent DLS 
and UV-vis-NIR measurements. Certain samples also underwent zeta potential and TEM 
after both DLS and UV-vis-NIR were complete. . Given the samples were already dilute, 
only samples for TEM were diluted further to a final concentration of ~ 5 x 10
-4
 mg/mL 
Au prior to measurement. TEM samples were prepared by placing a 5 μL drop of a given 
sample onto a 200-mesh carbon Type-A grid (Ted Pella, Redding, CA). The majority of 
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the drop was then wicked off to form a thin liquid film on the grid which was then 
immersed in liquid nitrogen and lyophilized overnight at -40 °C using a VirTis 
AdVantage tray lyophilizer (VirTis, Gardiner, NY). The samples were then examined 
using an FEI TECNAI G2 F20 X-TWIN TEM with a high-angle annular dark-field 
detector.   
 
5.3 RESULTS AND DISCUSSION 
5.3.1 Characterization of primary citrate coated Au Nanospheres 
 For the citrate-capped gold NPs synthesized by reduction of HAuCl4 with 
NaBH4
43
 (labelled “as prepared” in Table 5.1) UV-vis-NIR extinction, TEM core 
diameters, and zeta potential measurements agreed closely with previous studies (Table 
5.1).
37, 44
 Additionally, the polydispersity (std. deviation), 5.0 ± 0.7 nm, was very low for 
the TEM number average distribution measured from sizing 100 NPs (Figure E.1). A 
similar size was observed for particles incubated in 3 mM Na-Citrate, which is an excess 
of 100x compared to the as-prepared citrate particles which contained ~ 0.03 mM total 
Na-Citrate in the solution. For the 100x citrate particles,   decreased from -45.3 with a 
standard deviation of  ± 1.7 mV to -53.0 ± 3.5 mV, indicating additional citrate binding 
directly to the Au surface, or H-bonding to other citrate moieties through dangling 
carboxylates.35 For a third “low citrate” type of particle, which was produced by 
washing the as-prepared particles 3x times with DI water via filter centrifugation,  
decreased in magnitude to -34.4 ± 2.2 mV and the organic content according to TGA 
dropped to 3.3 wt. %.  This decrease in stabilizing ligand led to moderate growth of the 
initial primary particles to 6.5 ± 1.9 nm via TEM analysis given a small population of 
dimers (Figure E.1c), yet the size remained stable for weeks at room temperature. 
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5.3.2 Interaction potentials for mono- and divalent electrolytes 
   To provide a basis for describing the colloidal assembly, we begin by 
examining the total interaction potential Vtot which is a sum of the vdW, bridging, and 
electrostatic potentials, all shown in Figure 5.2.
14
 To understand the role of these 
particular terms, we did not include the unknown dipolar attraction and steric repulsion. 
The vdW potential can be expressed  
 












)⌋                            (1) 
 
where A is the Hamaker constant, H is the surface to surface separation distance, 
and a is the particle radius. The electrostatic potential may be expressed for symmetric 
and asymmetric electrolytes for surface potentials Ψ0 < 25 mV as14, 45 
 
   Velectrostatic = 4πεrε0a
2Ψ0
2exp(−κH)/(H + 2a)                    (2) 
 
where εr is the relative dielectric of the solvent, ε0 is the dielectric constant in 





∗ (2I)1/2                                    (3) 
 
where NA is Avagadro’s number, and I is the ionic strength. Previous studies have 
shown mono- and divalent cations undergo bridging attraction with citrate ligands on Au 
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NP surfaces, which may be treated as linearly proportional to the free energy of cation 
dissociation
15-17
 as follows 
 
Vbridging = −f∆Gd                                           (4) 
 
where f is a proportionality constant, taken to be 1.2, as established for monovalent 
cations with citrate by Wang et al.
15
  The dissociation energy, ΔGd for a cation from a 
citrate ligands is related to the equilibrium dissociation constant, Kd through 
 
∆Gd = −RTln(Kd)                                                 (5) 
  
The electrostatic energy is shown for the -34 mV particles at a low ionic strength 
of 0.22 mM for CaCl2 and 75 mM for NaCl, whereby the surface potential was 
approximated by . For the widely used electrolyte concentrations used in this paper, the 
surface potentials were chosen as -10 and -20 for mV to reflect s in Table 5.2 and the 
unknown cation adsorption in the Stern layer. Furthermore, Velec/kT is stronger and much 




 as a consequence of the 114 fold lower I and 
consequently much longer 𝜅-1 as shown in Table 5.2.  It is instructive to examine the 
various contributions to Vtot at a separation distance of closest approach between two 
fully citrate-capped NPs of 1.4 nm. This distance is based on the measured 0.7 nm length 
of a citrate molecule on a gold surface.
35
 While Velec/kT of the -34 mV particles is 2.4 
without added electrolyte, it drops to below 1 in the presence of NaCl and CaCl2 due to 
the lower surface potential () and increased ionic strength.  
 The attractive interaction energy between the particles is the sum of the 






citrate complexes have been measured as 0.2 M and 0.0007 M, respectively, indicating a 
significantly stronger binding affinity of the divalent cation.
46





 J. As shown, in Fig. 1b,  the Vbridging was ~ 4.5x 
higher  for Ca
2+
 than for Na
+
, which will be shown below to have a large effect on the 
aggregation behavior. For the distance between two citrate-capped gold NPs of 1.4 nm, 





The variation in the total interaction energy with electrolyte concentration will be 
discussed below for each of the cations as a function of cation concentration.   
 
5.3.3 Effect of CaCl2 and NaCl on the Debye length and zeta potential of the 
primary particles 
Before describing the particle growth to form the Au NP clusters, we first 
examine the effect of each electrolyte on  at a very low Au concentration of 0.015 
mg/ml where growth was minimal.  Both the as prepared (-45 mV) and low citrate (-35 
mV) particles were characterized for key electrolyte concentrations used throughout this 
study (Table 5.1). These concentrations were based on known critical coagulation 
concentrations (CCC) of citrate-capped metal NPs of ~50-100 mM for NaCl and ~2.1-2.5 
mM for CaCl2.
17, 47
 For dilute 0.08 mM and 0.22 mM CaCl2, the Debye lengths were very 
large, 17.3 and 11.3 nm, respectively. For the much larger NaCl concentrations of 50 and 
75 mM, the Debye lengths were much smaller, only  1.37  and 1.12 nm, respectively, as a 
consequence of the much larger ionic strengths. 
The  values of the as prepared and -34 mV primary particles dropped 
significantly with the added electrolytes in Table 5.2. With only 0.08 mM CaCl2,  were -
20.9 ± 3.3 and -29.6 ± 0.9 mV for -34 mV and -45 mV particles, respectively. For 0.22 
Ca
2+
  dropped to -16.4 ± 1.5 and -23.0 ± 1.8 mV indicating greater Debye screening and 
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greater adsorption in the Stern layer. For NaCl as seen for CaCl2, more negative  values 
were observed for the as prepared -45 mV particles at the lower NaCl concentration.    
 
5.3.4 Effect of NaCl on NP aggregation 
To further establish electrolyte concentrations for nanocluster formation, we first 
identified the critical coagulation at the diffusion controlled limit. Here, the 
Smoluchowski half-life is 1.6 ms for 5 nm spheres at a concentration of 0.3 mg/mL Au. 
Immediate aggregation was observed visually for our system at ~ 100 mM NaCl as the 
colloids grew to 75 nm within the shortest time measured,  1 s,  and precipitated within 3 
s (Figure E.2). This concentration was essentially the CCC where the stability ratio 
became unity, given the loss of electrostatic repulsion, and gain in bridging attraction. 
This value for a 5 nm particle is consistent with the trend previously reported values of 48 
mM for 60 nm and 122 mM for 30 nm Ag spheres.
17, 47
  
The NP clusters in this study were formed at a gold concentration of 0.15 mg/mL 
with NaCl concentrations from 25 to 100 mM. For the lowest NaCl concentration, the 
hydrodynamic diameters, DH, grew to only 15 nm and 18 nm over 1800 s, for -45 mV 
and -34 mV citrate particles, respectively (Table S2). The small growth was not enough 
to create any significant changes in the SPR for either sample as A1000/525 ratios remained 
<0.1. Notable size increases were observed as the concentration was doubled to 50 mM 
as shown for the -34 mV primary particles in Figure 5.3a. The NP cluster sizes grew to 
over 100 nm within 30 seconds and continued to steadily increase up to 300 s. Here, 
A1000/525 values increased moderately to ~0.4 for the 465 nm aggregates with the color of 
the solution becoming reddish purple (Table E.4). Much higher NIR absorbance was 
observed for 75 mM NaCl as shown in the spectra at 1 and 30 s in Figure 5.3b for the -34 
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mV primary particle systems.  With a NP cluster size of 50 nm A1000/525 reached ~0.6 
within 2 seconds. At 10 s, A1000/525 rose to over 1.0, with a notable color change to purple, 
as DH grew to 108 nm. At even greater times, there was little further change in the 
A1000/525, but the DH grew to 498 nm within one minute.  
Strong SPR shifts into the NIR region of the electromagnetic spectrum are 
observed in a variety of gold NP clusters due to the overlap of hybridized plasmon 
modes.
48
 The shifts are related to the interparticle spacings (<10% of the particle 
diameter), the nanocluster size, which governs the number of interparticle contacts, and 
the anisotropy in cluster shape.
26, 28, 31, 48-50
 As the size increases, the larger number of 
contacts, “hot spots”, between primary particles, where the electromagnetic fields are 
enhanced, produces a greater red shift.   With a generalized multiparticle Mie solution 
and the T-matrix method, the shift in the SPR resonance for linear NP chains, 2D and 3D 
NP clusters was calculated as a function of the particle separation relative to the diameter, 
H/2a.  For the smallest H/2a of 0.025, the peak maximum shifted to ~ 700 nm for a 4-mer 
chain and 800 nm for a 32-mer chain for 40 nm particles. In our case, this ratio would 
correspond to an H of only 0.125 nm. At the same ratio of 0.025, similar shifts were seen 
for 20 and 40 nm 1-D chains and 3-D clusters.
50
  This distance is an order of magnitude 
below the value of 1.38 nm for the spacing between two particles coated with a 
monolayer of citrate. Thus, the relatively low NIR extinction for the small NP clusters 
produced with NaCl suggests that the vdW attraction and weak bridging were insufficient 
to produce interparticle spacings well below 1 nm. Eventually for extremely large 
clusters with a large number of contacts, the red shift was enough to give an A1000/525 of 
1.0. A similar result has been reported previously for 14 nm Au NP citrated clusters 
assembled with NaCl.
9
 In contrast, small red shifts were observed for a more strongly 
binding ligand, thioglycolic acid (TGA), cysteine, and glutathione, as has been observed 
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for a number of ligands other than citrate.
9, 51-53
  Therefore, it appears that the relatively 
high A1000/525 for citrate may indicate it is somewhat mobile on the surface or leaves open 
Au patches that my approach each other more closely than 1.38 nm. 
While similar growth rates were observed for the -45 mV relative to the -34 mV 
primary citrate particles, the sizes and NIR absorbance of the samples were consistently 
less. For instance, at 30 s and 75 mM NaCl, the cluster DH for the -34 mV sample already 
reached 369 nm, as was also the case for the -45 mV particles (Table2). Figure 5.3b 
compares the UV-vis-NIR absorbance curves for the two types of primary particles at 1 s 
and 30 s. In both cases, a lower A1000/525 ratio is observed for the -45 mV particle sample, 
consistent with smaller number of “hot spots” or electric field enhancement for the 
smaller NP clusters (Table S2).
26, 37-39
 Furthermore, TEM images of the -34 mV, 75 mM 
NaCl samples after 2 s show closely-spaced distinct primary particles  within the clusters 
(Figure 5.3c and Table S6-Row 12). However, at high resolution, a very small degree of 
partial fusion was evident as shown in Table E.6- Row 13. By 30 s, fusion was extensive 
as shown in Figure 5.3d and Table E.6-Row 14. Interestingly, for only 50 mM NaCl at 
120 s, minimal fusion and weak NIR absorbance were observed, indicating greater 
separations with the stronger electrostatic repulsion. 
 
5.3.5 Effect of CaCl2 on NP aggregation 
 The concentrations were chosen for the experiments with Ca
2+
 by first 
determining the CCC. Through visual confirmation, a CaCl2 concentration of ~1.5 mM 
induced immediate aggregation for 0.15 mg/mL Au, characteristic of the CCC. This was 
similar to the reported value of 2.1 mM CCC for CaCl2 for 30 and 60 nm Ag spheres, and 
was ~100 fold smaller than for NaCl.
17, 47
 From theory, the calculated CCCs for the 
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Darjaguin approximation in the limit as Ψ0 ∞ are ~100 fold smaller for a 2:1 than at 
1:1 electrolyte.
54
 Therefore, CaCl2 may be used to form NP clusters at much lower ionic 
strengths, whereby the longer Debye lengths may potentially be utilized to influence the 
morphology.  
Notably different morphology and NIR absorbance were observed for NP clusters 
made in the presence of much more dilute divalent Ca
2+
 relative to Na
+
 for the -34 mV 
particles.  Figure 5.4 shows the absorbance spectra and TEM for growth of clusters made 
from -34 mV citrate primary particles in the presence of 0.22 mM CaCl2 over 60 s. In 
addition, the A1000/525 ratio and DH are given in Figure 5.5a to 7200 s.  The A1000/525 ratio 
rose quickly to 0.6 within 10 s and then increased to 1.1 at 60 s with an upward sloping 
curve suggesting the first part of a second, broad peak in the NIR around 1000 nm. TEM 
images at the different time intervals show growth of what appear to be NP dimers into 
elongated, branched, 1-D chains over 60 s (Figure 5.4b-d). At 10 s, a large number of 
dimers are present along with larger aggregates, with a TEM number average size of 16.2 
± 8.8 nm (Table E.7-Row 1). After 30 s, the chains were elongated with an average 
length of 24.3 ± 14.3 nm and the formation of branches became visible. Remarkably, the 
A1000/525 was already 1.0, despite the very small size of the branched nanochain. By 60 s, 
the chains grew longer and more branched with a greater polydispersity and an average 
length of 30.5 ± 17.2 nm as shown in Figure 5.4d and Table E.7-Row 3. The particles 
underwent fusion as shown by the HR-TEM image in the inset of Figure 5.4d and in 
Figure S3, as discussed in detail below. Here, the NIR absorbance was much greater than 
with NaCl for the small NP clusters. This difference may be attributed to the strong 
bridging between Ca
2+
 and the citrate ligands that produced closer interparticle spacing 
and fusion between primary particles, relative to NaCl.    
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These distinctly asymmetric geometries have a high aspect ratio as seen for 
nanorods. The high degree of anisotropy may explain the beginning of a secondary peak 
in the UV-vis-NIR absorbance spectra in Figure 5.4a. However due to the polydispersity 
in shape and degrees of fusion at the particle interfaces, the peak is quite broad as 




Beyond 60 s, the branched nanochain structures displayed steady growth up to ~ 
100 nm within 1800 s (Figure 5.5a). A decrease in the non-normalized UV-vis-NIR 
absorbance of the sample indicated that the additional growth resulted in slight 
precipitation from either a formation of a small population of much larger aggregates 
present in the solution, or the aggregation of pre-formed clusters in solution (Figure E.2). 
However, samples made within 300 s were stable for over 20 days at room temperature as 
characterized by UV-vis-NIR absorbance and DH in Table E.3. 
In contrast with the results for 0.22 mM CaCl2, much smaller particles were 
formed for the -34 mV Au with only 0.08 mM CaCl2. With the more negative  of -20.9 
± 3.3 mV, only a moderate size increase to 14 nm was observed within the first 300 s, 
with very little change in NIR absorbance. With the greater electrostatic repulsion  and 
weaker bridging attraction with the  lower Ca
2+
 concentration, the NP clusters did not 
grow significantly or undergo extensive fusion even up to 1800s (Table E.6-Rows 1-2). 
Thus, it appears that a higher driving force for aggregation with 0.22 mM CaCl2 is 
needed for produce the small spacings and subsequent fusion that give the highest NIR 
absorbance. 
For the more charged -45 mV primary particles (Figure 5.5b and e) , the results 
will now be shown to be similar to those observed at -34 mV in nearly all respects, but 
with less growth at small times and significantly weaker NIR absorbance.  Minimal 
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growth was again observed with 0.08 mM CaCl2.  The clusters only grew to 16 nm 
aggregates with an A1000/525 of 0.1 in 60 s. However, once again, as the concentration of 
Ca
2+
 was increased to 0.22 mM, the greater electrostatic screening and bridging attraction 
resulted in a significantly higher NIR absorbance, even for very small branched chains. 
After 1 s, the size grew to 20 nm with an A1000/525 of 0.5 and further to 33 nm and an 
A1000/525 of 0.7 by 60 s. Interestingly, the DH values were similar for the -45 and  -34 mV 
primary particle aggregates at the same conditions up to 180 s. After this, the less charged 
cluster aggregates grew more rapidly. At 1800 s, the DH was 86 nm with an A1000/525 of 
1.1 for the -34 mV primary particles, and 57 nm with an A1000/525 of 0.9 for the -45 mV 
ones. For an even higher CaCl2 concentration of 0.5 mM, the rate of nanocluster growth 
increased significantly as the cluster DH rose to 229 nm by 300 s; and the solution 
aggregated out of solution by 600 s. Despite the lower degree of growth and NIR for the 
more charged -45 mV samples with greater electrostatic repulsion, branched-chain 
morphologies were observed in both cases as shown in Figure 5.5e and Table S6-Row 9.  
To rule out any potential changes in morphology from halide ion complexation 
with Au, and etching, clusters were made using 0.22 mM Ca(NO3)2 to determine if the 
linear, fused behavior was truly a result of Ca
2+




 Despite an 
average 10 nm higher cluster DH for the nitrate salt, NIR extinction and linear branched-
chain morphology was present for both samples, as seen in Figure E.4. Thus, it is 
unlikely that Cl
-
 etching played a significant role in the linear growth or fusion. 
While chains were formed for the -45 mV and -34 mV primary particles, clusters 
were not formed with 3 mM Na-citrate for the -53 mV primary particles within 600 s. 
After 3600 s, the solution remained red and dimer and trimers were formed with DH of 17 
nm (Table E.2).  When the concentration of CaCl2 was increased to 1.5 mM, the particles 
grew to 48 nm within 3600 s, but only with an A1000/525 of 0.19 (Figure 5.5c). The 
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morphology of the resulting clusters resembled the spherical aggregates observed in the 
presence of NaCl, with notable interparticle spacings (Figure 5.5f). In the presence of 
excess citrate ions, bilayers can form on Au particle surfaces through H-bonding.
35
 
Despite the high concentration of bridging Ca
2+
 cations, the -53 mV initial particle charge 
and steric repulsion from multi-layers of citrate on the NP surface resulted in a more 
spherical geometry as opposed to the branched-chains formed at lower citrate 
concentrations. NIR A1000/525 values above 1.0 were not achieved for clusters made from 
these particles until the DH was over 100 nm in the case of 2.1 mM CaCl2 concentrations. 
As seen for NaCl,  larger numbers of hot-spots are required to raise the NIR absorbance 
for these particles, relative to the case of the -45 mV and -34 mV primary particles , as a 
consequence of larger interparticle spacings.
26, 48
 
The chains appear to be partially fused, as is even more apparent in high 
resolution TEM shown in the inset of Fig. 5.3d. Figure E.3 shows HR-TEM images for 
both CaCl2 chains and NaCl aggregates showing similar 0.24-0.26 nm lattice spacings for 
clusters made from both electrolytes, close to the 0.24 nm spacings characteristic of the 
(111) plane for Au.
57
 The self-assembly of Au nanocrystals into 2-D nanowire arrays was 
investigated for dodecanethiol coated Ag nanocrystals.
58
 Nanowire arrays were only 
formed, as monitored on a TEM grid, upon decreasing the dodecanethiol surface 
coverage to allow the particles to approach each other to within 0.5 nm. At this short 
spacing metallic bonding drives adhesion.
45
 For higher dodecanethiol coverages where 
the spacing was 1.6 nm, still less than the closest expected spacing of 3 nm, that is twice 
the length of dodecanethiol adsorbed on a flat silver surface, wires were not formed. 
Similarly, upon partial removal of TGA ligands, “pearl necklaces” closely-spaced CdTe 
NPs fused into a single nanowire crystal, with a similar diameter as the primary particles. 
For dialyzed 17 nm citrate Au NPs, the degree of fusion was tuned by the amount of time 
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to remove the citrate ligands.
40
 The fusion was thought to occur only for “reactive 
collisions” that shared the same crystallographic planes at the interface. For citrate 
ligands, the much smaller spacing of 1.4 nm
35
 compared to 3 nm for dodecanethiol would 
favor close approach. However, for the higher citrate coverage with a higher  of – 53 
mV and possibly multilayers, the particles were separated sufficiently to prevent partial 
fusion. Given that the degree of fusion is very sensitive to the particle spacing, the results 
in Figure 5a and b indicate the stronger attraction for 0.22 mM CaCl
2
 for either the -34 or 
-45 mV particles provided close enough particle spacings on the order of 0.5 nm that lead 
to adhesion.  
Linear 1-D assemblies were observed primarily in the presence of Ca
2+
 cations for 
the -45 mV and -34 mV primary citrate NPs, but not for NaCl or the -53 MV primary 
NPs. The formation of linear chains has been widely attributed to dipole-dipole 
interactions, for example in the case of CdTe semiconductor NPs with a permanent 
dipole.
6
 For Au particles where the conductive cores do not have a permanent dipole 
moment, the dipole moment may be generated from inhomogeneities in the surface 
ligands, for example, for mixtures of a charged and uncharged ligands such as citrate and 
2-mecaptothanol.
49
 For Au NPs capped with TGA, the Au-S bonds were thought to 
produce dipoles that led to 1-D growth. Alternatively, the oriented interactions between 
glutamic acid dipoles on Au NPs surfaces oriented the particles into linear chains. In our 
case, dipole moments may be produced by inhomogeneities of the citrate ligands on the 
particle surfaces.  In a study with FTIR and X-ray photoelectron spectroscopy, hydrogen 
bonds between citrate molecules led to the formation of citrate networks on the surface, 
when the citrate coverage was 45%.
35
 In our case, these inhomogenities may be further 




 For the higher citrate 
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coverage for the -53 mV particles, the lack of 1-D chain formation may suggest the 
dipole moment decreased as the citrate became more uniform on the surface.  
Zhang et al. demonstrate the length of nanochains could be controlled via the 
addition of NaCl to modulate electrostatic repulsion relative to the vdW and dipolar 
attraction between primary particles.
9
 When the electrostatic repulsion was at least 2 fold 
greater than the vdW force, chains were formed, given weaker electrostatic repulsion at 
the chain ends than the sides. In contrast, when electrostatic repulsion was weaker than 
the vdW attraction, addition of particles was no longer selective toward chain ends and 3-
D assemblies are formed. Following this model, as a particle approaches a growing chain, 
we assume that the balance between electrostatic repulsion and vdW attraction would 
favor the chain ends for Ca
2+
  since  Velect > VvdW  for the values shown in Figure 5.2. At 
particle separations greater than ~3 nm the bridging interaction is weak. The much lower 
concentration of Ca
2+
 to form clusters relative to Na
+
 led to thicker double layers and 
greater electrostatic repulsion, conditions needed to direct 1-D growth as observed.  
 This model may be modified to include the role of the bridging attraction that 
becomes very strong at very close separations (Fig. 5.2b) Our results indicate that despite 
the large strength of this bridging attraction, the greater electrostatic repulsion at chain 
ends for thick double layers with Ca
2+
 favored chains relative to Na
+
 (Fig. 5.2a) where 3-
D clusters are formed. Thus the potential at larger separations before bridging becomes 
strong appears to guide the direction of approach of the primary particles. Thus, a 1-D 
cluster is formed by strong electrostatic repulsion from the very thick double layer, weak 
vdW attraction, and the strong bridging attraction at very short range, in the presence of 
the attraction between the dipoles on the particles.  These forces may be manipulated by 
changing the cation concentration and valence to influence the double layer thickness and 




 bridging attraction provided a strong attractive driving force to 
overcome the strong electrostatic repulsion, despite the very low Ca
2+
 concentration. 
Therefore both attraction and repulsion were relatively strong, yet the balance between 
could be tuned with the Ca
2+
 concentration in order to control the cluster morphology.    
Whereas short Na
+
 1-D chains have been formed slowly in time frames from days 
to months in deionized water
10
, we were able to form them rapidly given sufficient 
bridging attraction with Ca
2+
, when properly balanced against long ranged electrostatic 
repulsion with relatively dilute Ca
2+
.  
The impact of the morphological changes for the various classes of NP clusters on 
the NIR absorbance is summarized in Figure 5.6 and Table 5.3. As shown in Figure 5.6, 
the NIR absorbance increased as the primary particle charge was reduced, but it changed 
very little as the DH increased from 25 to 40 nm. For ~25 nm clusters, the A1000/525 was 
0.65 for -45 mV primary NPs and 1.10 for -34 mV NPs. Similarly, for ~40 nm 
nanoclusters, the A1000/525 decreased with the primary NP charge from 1.10 (-34 mV), to 
0.75 (-45 mV), and finally to 0.10 (-53 mV).  Given  the very small particles spacings 
<0.5 nm along with the fusion, it was not possible to discern the difference  in particle 
spacings for the -34 and -45 mV cases by TEM (Figure 5.5d,e and Table E.6-Rows 1-9). 
However, as the electrostatic repulsion increases, expected larger spacings between 
primary particles and a decrease in fusion would result in weaker NIR absorbance, as 
observed. 
Another way to relate the spectra to morphology is to determine what DH is 
needed to produce a given A1000/525 as a function of the primary particle charge and 
electrolyte type (Table 5.3). At A1000/525 of 0.6, a DH below 70 nm could be achieved for 
three of the four conditions.  At each A1000/525, the strong bridging attraction from Ca2+ 
compared to Na+, resulted in a much smaller DH. This difference in DH is accentuated as 
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the A1000/525 increases. For an A1000/525 of 0.9, DH for clusters made with CaCl2 were 21 
nm and 41 nm for -34 mV and -45 mV primary NPs, respectively, whereas much greater 
values were required for those formed with NaCl.  It was not possible to achieve an 
A1000/525 of 1.0 with the more charged -45 mV particles, whereas it could be attained for a 
DH of only 33 nm with the -34 mV case with CaCl2. These differences emphasize the 
strong correlation between interparticle spacings and fusion with the NIR extinction. The 
small interparticle spacings and asymmetry in shape with fusion for the branched 
nanochains produce high NIR absorbance with much fewer hot spots and much smaller 
DH values than for the more spherical, loosely-packed NaCl aggregates in Figure 5.3c and 
in a previous study
9
. Even when fusion occurred for the NaCl clusters, a more rounded, 
spherical geometry led to high NIR only with large sizes, as seen in Figure 5.3. 
 
5.4 CONCLUSIONS 
The size and morphology of NP clusters of small 5 nm citrate coated Au primary 
particles was controlled by tuning the electrostatic repulsion and bridging attraction in the 
presence of vdW and dipolar attraction.  In the case of Ca
2+
, strong interparticle bridging 
with citrate anions produced branched nanochains in < 60 s with closely spaced and 
partially fused primary particles, resulting in a broad NIR extinction peak out to 1100 nm.  
This level of NIR extinction is highly unusual for such small nanochains with lengths as 
short as 20 nm.  The branched nanochains were formed by strong electrostatic repulsion 
with a very thick double layer to favor growth on the chain ends instead of the sides, 
relative to weaker vdW forces.
9
  At very close spacings on the order of 1.4 nm or less, the 
particles were bound to the cluster by strong short-ranged bridging attraction in addition 
to vdW attraction.  In contrast, spherical nanoclusters were formed with NaCl often with 
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distinct spacings between the primary particles and minimal fusion according to TEM.  
For Na
+
, much higher ionic strengths were needed to screen the electrostatic repulsion, 
and the bridging driving force was much weaker.  Consequently, thinner double layers 
and weaker electrostatic repulsion no longer favored anisotropic particle growth to 
chains.  For Ca
2+
, intraparticle bridging of citrate may have produced dipoles on the 
particle surfaces that are known to favor anisotropy. In each case, the growth of the 
nanoclusters was quenched simply by dilution to lower the ionic strength to increase the 
electrostatic repulsion and weaken the interparticle bridging. The resulting particles were 
stable over 20 days. For the desired nanocluster size less than 50 nm, the small 5 nm 
primary particles provided a larger number of “hot spots” for electrical field enhancement 
resulting in larger NIR shifts relative to the much more commonly studied particles larger 
than 10 nm.  The ability to design the size and shape of NP clusters, as well as the 
interparticle spacing, by tuning bridging and electrostatic interactions may be expected to 













Figure 5.1: Schematic showing the assembly of gold NPs into spherical and linear chain 
morphologies. Shorter-ranged Debye lengths occur in the presence of the 
high Na
+ 
concentrations leading to a greater influence of the vdW potential 
and non-selective particle addition to the cluster. For the low Ca
2+
 
concentrations, longer-ranged Debye lengths occur leading to stronger 
electrostatic potentials between neighboring particles resulting in selective 
addition of new NPs to the chain ends. 
 




100x Citrate Low Citrate 
A1000/525 0.02 0.01 0.03 
TEM Volume 
Avg (nm) 
5.0 ± 0.7 5.0 ± 1.4 6.5 ± 1.9 
Zeta Potential 
(mV) 
-45.3 ± 1.7 -53.0 ± 3.5 -34.4 ± 2.2 
Organic 
Content (wt %) 















Figure 5.2: a.) Electrostatic potential for 5 nm primary citrate particles for various surface 
potentials and varying NaCl and CaCl2 concentrations b) van der Waals potential.  
vdW and bridging attraction potentials (c) and total interaction potential (d) versus 
NaCl and CaCl2 concentration for a separation distance of 1.4 nm. The separation 




Table 5.2: Debye length and primary particle zeta potential (0.015 mg/ml Au) and properties of 
the clusters formed at 30 and 300 s after electrolyte addition to 0.15 mg/mL Au at 
pH 7 for two types of primary particles 






















0.08 CaCl2 17.32 -20.9 ± 3.3 7.2 0.02 -19.6 ± 1.1 9.9 0.06 -30.7 ± 1.9 
0.22 CaCl2 11.34 -16.4 ± 1.5 22.4 1.00 -31.8 ± 1.8 48.2 1.15 -26.8 ± 2.9 
50 NaCl 1.37 -24.0 ± 6.1 16.4 0.02 -36.0 ± 3.1 465 0.37 -46.9 ± 0.8 
75 NaCl 1.12 -16.8 ± 5.8 369 1.00 -27.6 ± 1.8 Aggr Aggr Aggr 
-45 mV 
0.08 CaCl2 17.32 -29.6 ± 0.9 7.7 0.03 -29.0 ± 1.6 15.6 0.10 -33.2 ± 1.5 
0.22 CaCl2 11.34 -23.0 ± 1.8 25.0 0.60 -31.8 ± 1.3 49.5 0.84 -23.9 ± 4.0 
50 NaCl 1.37 -29.9 ± 2.1 26 0.01 -40.4 ± 1.9 180 0.28 -43.4 ± 0.6 



























Figure 5.3: a.) Nanocluster DH
 
(DLS) and A1000/525 ratio vs time for -34 mV primary 
particles for 50 and 75 mM NaCl.  UV-vis-NIR extinction curves are shown 
in b) for 75 mM NaCl for reaction times of 1 and 30 s. TEM image of clusters 
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Figure 5.4: Absorbance versus time for -34 mV initial particles and 0.22 mM CaCl2. b-d.  
















































Figure 5.5: (a-c) Effect of CaCl2 concentration and initial particle zeta potential 
on UV-vis-NIR absorbance and DH of nanoclusters vs. time. TEM 
images of an ~40 nm representative sample are shown for: d) -34 
mV primary particles and 0.22 mM CaCl2 at 120 s, e) -45 mV 
primary particles and 0.22 mM CaCl2 at 120 s, and f) -53 mV 








Figure 5.6: a) Normalized absorbance for 25 and 40 
nm clusters formed with various types 
of primary particles  
 
Table 5.3: DH values and reaction times for clusters made with either -34 or -45 mV 
primary particles and electrolytes to achieve a given A1000/525 ratio. 
  A1000/525 
Primary 
Particle 
Salt Conc. (mM) 
0.6 0.8 1.0 
Time (s) DH (nm) Time (s) DH (nm) Time (s) DH (nm) 
-34 mV 
0.22 mM CaCl2 10 18.0 20 21.0 30 32.7 
75 mM NaCl 3 66.7 5 108 30 369 
-45 mV 
0.22 mM CaCl2 30 25.0 300 41.0 -- -- 
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Chapter 6: Conclusions and Recommendations 
 
6.1 CONCLUSIONS 
6.1.1 Design of Gold Nanosphere Surfaces to Resist Protein Adsorption  
In chapter 2, the design of ~ 5 nm gold nanoparticle surfaces with a binary mixed-
charge ligand system was detailed The charged surfaces were composed of two naturally 
occurring, relatively hydrophilic ligands, citrate and either cationic lysine or zwitterionic, 
thiol-containing cysteine. The Au surface charge was tuned by place exchange of the 
citrate ligands with each amino acid, as characterized by the zeta potential and XPS. 
Relatively hydrophilic ligands were used to attempt to limit hydrophobic interactions that 
may increase adsorption. For pure citrate or highly charged mixed charge monolayers 
with high citrate levels, the hydrodynamic diameter increased ~3 nm or more with protein 
adsorption. However, the change in size was negligible for lower citrate fractions, even 
for a moderate charge of -22 mV in undiluted FBS. The zwitterionic tips of the lysine and 
cysteine ligands interact weakly with the protein and, furthermore, mitigate the 
interactions of the “buried” charges on the anchor groups at the Au surface. The 
extension of this concept to include the thiolated cysteine molecule could possible 
prevent intracellular GSH exchange and protect the protein resistant properties. 
Regardless, this result shows a platform which could be adapted to even stronger-bound 
ligands in the future. 
 
6.1.2 Reversible Assembly of high-NIR Nanoparticle Clusters 
The assembly of lysine/citrate particles was detailed in chapter 3. Herein, it was 
shown that equilibrium phenomena play a major role in governing the size of Au 
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nanoclusters, which are quenched by irreversibly adsorbed polymer on the surface.  Sub-
100 nm nanocluster sizes were tuned by varying the ratio of polymer/Au and evaporation 
extent to manipulate the depletion attraction induced by the polymer. The Au 
nanoparticle concentration was also varied to alter the magnitude of vdW attraction 
during assembly. The size was predicted semi-quantitatively with an equilibrium free 
energy model as a function of the Au concentration and the polymer/Au ratio. The free 
energy model describes the balance between long-ranged electrostatic repulsion between 
primary Au nanospheres with short-ranged vdW and depletion attractive interactions. The 
equilibrium size is quenched by an irreversibly adsorbed polymer layer on the 
nanocluster surface, and remains constant even after removal of excess polymer. The 
close spacings of primary nanospheres within the nanoclusters resulted in high NIR 
extinction for all sizes of nanoclusters explored in this work, which showed partial 
dissociation upon biodegradation of the polymer quencher. 
This concept was extended to cysteine/citrate nanoparticles in chapter 4. However 
with Au and polymer concentrations held constant, the solution pH and salt concentration 
were utilized as new variables to tune the particle size, NIR extinction, and degree of 
polymer adsorption by manipulating the the Au surface charge on the primary 
nanospheres. At each salinity (0−33 mM NaCl), the hydrodynamic diameter and NIR 
extinction increased as the solution pH was decreased from 7 to 5, consistent with weaker 
electrostatic repulsion, as would be expected from the equilibrium free energy model 
described in chapter 3. Furthermore, at a given pH, the size distribution shifted to larger 
clusters with salt addition, again as may be expected with weakened electrostatic 
repulsion. Finally, the polymer adsorption decreased as the screening of the charges on 
the Au surfaces with salt weakened the interactions with the polar groups on PLA(1K)-b-
PEG(10K)-b-PLA(1K), therefore allowing close interparticle spacings and high-NIR 
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extinction from the strongly-bound nanoparticle system, which provides a promising 
avenue for in vivo application of such nanoclusters. 
A novel nanocluster assembly method was proposed in chapter 5 as depletion 
attraction was no longer considered. Instead, the size and morphology of NP clusters of 
small 5 nm citrate coated Au primary particles was controlled by tuning the electrostatic 
repulsion and bridging attraction in the presence of vdW and dipolar attraction.   In the 
case of Ca
2+
, strong interparticle bridging with citrate anions produced branched 
nanochains in < 60 s with closely spaced and partially fused primary particles, resulting 
in a broad NIR extinction peak out to 1100 nm.  This level of NIR extinction is highly 
unusual for such small nanochains with lengths as short as 20 nm.  The branched 
nanochains were formed by strong electrostatic repulsion with a very thick double layer 
to favor growth on the chain ends instead of the sides, relative to weaker vdW forces.  At 
very close spacings on the order of 1.4 nm or less, the particles were bound to the cluster 
by strong short-ranged bridging attraction in addition to vdW attraction.  In contrast, 
spherical nanoclusters were formed with NaCl often with distinct spacings between the 
primary particles and minimal fusion according to TEM.  For Na
+
, much higher ionic 
strengths were needed to screen the electrostatic repulsion, and the bridging driving force 
was much weaker.  Consequently, thinner double layers and weaker electrostatic 
repulsion no longer favored anisotropic particle growth to chains.  For Ca
2+
, intraparticle 
bridging of citrate may have produced dipoles on the particle surfaces that are known to 
favor anisotropy. In each case, the growth of the nanoclusters was quenched simply by 
dilution to lower the ionic strength to increase the electrostatic repulsion and weaken the 
interparticle bridging. For the desired nanocluster size less than 50 nm, the small 5 nm 
primary particles provided a larger number of “hot spots” for electrical field enhancement 
resulting in larger NIR shifts relative to the much more commonly studied particles larger 
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than 10 nm.  Additionally, exposed gold surfaces were shown to be responsible for the 
high NIR extinction as NIR was unobtainable in the presence of excess citrate which 
passivated the remaining Au surface, which could help explain the overall lower NIR 
absorbance seen for cysteine/citrate nanoclusters in chapter 4. 
 
6.1.3 Structure of Reversible Gold Nanoclusters 
Small angle x-ray scattering (SAXS) analysis was carried out on the nanoclusters 
designed through methods described in chapter 5. The results were unable to be 
completed to publication quality at the time of this thesis, and were therefore partially 
discussed in the honors thesis of my four-year undergraduate partner, Sai Gourisankar.1 
Relevant sections of that thesis are reproduced in Appendix A.  
Nanoclusters were assembled from lysine/citrate, cysteine/citrate, and GSH/citrate 
nanoparticles. However high polydispersity limited the resolution of the SAXS 
measurements; although rough estimates of fractal dimension and interparticle spacings 
were still available. TEM analysis helped support the conclusion that lysine/citrate 
nanoclusters were mostly linear in shape with a relatively low fractal dimension. This 
behavior is indicative of DLA which is observed for rapid aggregation of particles with a 
high aggregation driving force.
2
 More spherical structures were seen for the thiolated 
ligand systems as clear interparticle spacings were also observed. This was likely due to 
increased particle charge and steric stabilization imparted by the more strongly-bound 
ligands which can prevent direct interparticle surface interactions.3 Decreases in NIR for 
the thiolated systems was also observed and consistent with theory as closer-interparticle 
spacings and more fractal structures have been shown to increase NIR extinction.
4-6
 
Lastly, high-resolution TEM images suggested physical necking was present for 
lysine/citrate nanoclusters. It is unclear if this behavior is a result of electron-induced 
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sintering or if it occurred in solution. However halide ion complexation has been shown 
to cause Ostwald ripening of gold nanoparticles.
7-8
 Therefore further experiments were 
done to assemble nanoclustesr without HCl and shown to still produce high-NIR 
absorbing nanoclusters; although further TEM studies should be done to definitively rule 
out interparticle sintering behavior. 
 
6.1.4 Animal Clearance and Tumor Targeting Studies 
Though not specifically detailed in this thesis, several mouse studies to determine 
nanocluster clearance as well as targeting and imaging efficiency were carried out on 
materials synthesized during this work. Lysine/citrate nanoclusters were shown to 
accumulate in the liver with 70 % of the injected dose (ID), with ~35 % being cleared 
over four months. This was hypothesized to be due to either aggregation of the clusters 




In a separate study, lysine/citrate nanoclusters targeted to EGFR-positive tumor 
mouse models. Anti-EGFR antibodies were conjugated to the lysine/citrate nanoclusters 
and shown to accumulate in significant amounts after 24 hours. Photoacoustic imaging 
showed specific targeting of the clusters to the EGFR-(+) tumor as opposed to the EGFR-
(-) control tumor.
11
 All animal study data has been published in the dissertations of Dr. 






6.2 FUTURE RESEARCH OUTLOOK 
6.2.1 Gold Nanoparticle Design 
Several studies have shown that single thiols can be displaced by the high 
concentrations of GSH within cells. However di- or other multi-thiols have shown to be 
much more difficult to remove.
13
 Studies have also established syntheses of zwitterionic 
di- or multi-thiols as well which have proven protein resistance on tests with quantum 
dots.
14
 Therefore it would be advantageous to extend the mixed-charge ligand concept 
present in chapter 2 to include these more strongly-bound ligands. After place exchange 
of the thiols onto ~5 nm citrate nanoparticles, incubation in 10 mM GSH followed by 
FBS incubation would determine if these surfaces can withstand the challenging 
environment of the body. To be certain, renal clearance studies using mouse models 
would be optimus as biological systems are incredibly difficult to mimic in vitro. 
 As a secondary idea, 2 nm GSH-capped gold particles have already been shown to 
exhibit efficient renal clearance.
15-16
 Therefore it would be worthwhile to establish a 
synthesis for 2 nm Au particles either with GSH or another favorable ligand. A secondary 
ligand shouldn’t be a concern as GSH-exchange within cells appears to be favorable for 
such small particles. 
 
6.2.2 Reversible, High-NIR Absorbing Nanocluster Assembly 
An obvious next step following design of strongly-bound ligand surfaces is to 
assemble them into high-NIR clusters. However, as is shown in Appendix A, the ability 
to get close particle spacings from thiolated nanoparticle surfaces is challenging due to 
immobility of thiolated ligands unlike the more weakly-bound citrate to allow for direct 
gold surface interactions.
3
 Therefore it will likely be necessary to moderate the ligand 
ratio of thiol/citrate in order to remove enough electrostatic repulsion for cluster 
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aggregation, but not add too much steric stabilization to prevent close interparticle 
spacings. If carefully controlled, clusters with adequate NIR should be possible. 
Additionally, the addition of small steric repulsion could enable fuller nanocluster 
dissociation as the vdW potential is weakened. Partial ligand exchange with strongly-
bound ligands should also be considered due to the need for free Au surface to allow 
antibody conjugation required if these materials are to be used in their desired 
application. 
A secondary consideration arises when considering the addition of zwitterions 
onto the particle surfaces. These ligands have proven to prevent protein adsorption 
through creation of a hydration layer as a result of the increasingly hydrophilic nature of 
surface. This hydrophilicity could present opposition to the hydrophobic PLA group on 
the currently used biodegradable polymer quenching agent, which preferentially adsorbs 
onto the more hydrophobic gold surface. Stability of the nanocluster could be 
dramatically reduced without this polymer. Therefore it may be necessary to explore 
other, more hydrophilic biodegradable polymers which would bind strongly to a 
hydrophilic surface.  
Lastly, cluster assembly using 2 nm primary gold particles should be attempted. 
At their small size, gold particles do not exhibit a distinct SPR peak,
16
 and it is unknown 
if assemblies of such small particles can yield significant NIR. However it is has been 
shown in literature and this thesis that for bigger Au particles, large aggregates can 
produce high-NIR shifts.
17
 Therefore it is conceivable that such clusters of such small 
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Appendix A: Structure of Small, near-Infrared Active Gold 
Nanoclusters for Biomedical Imaging Applications 5  
A.1 INTRODUCTION 
Spherical gold nanoparticles appear red and exhibit an absorption maximum at 
~525 nm wavelength of light. Theory developed by Gustav Mie in the early 20th century 
explained why these sub-wavelength-sized objects show unique optical properties.
1, 2
 




 undergo a red-
shift to the near-infrared (NIR) region of light, 600-1100 nm, due to a surface plasmon 
resonance (SPR).
2, 7, 8, 9, 10
 The collective oscillation of surface conduction electrons 
interact across particle surfaces and red-shift the optical absorbance. The figure below 
provides a schematic of the interaction between the incident electric field from incoming 
radiation and two gold nanospheres’ interacting electron clouds. 
 The plasmon resonance depends on ratio between the surface-surface distance 
between the particles and the diameter of the spheres, d/D. Closer spacings, and a smaller 
d/D ratio, increases the SPR and produces greater red-shift of the extinction.
2
 Several 
studies indicate that the ratio of the surface-to-surface distance between particles and the 
diameter of the particle, d/D, must be close to 0.1 for effective SPR and red-shifted 
extinction into the NIR.
2, 11, 12, 13, 14
 If the nanoparticles are coated by surface ligands, this 
implies that the length of the ligand protruding from the surface plays an important role 
in governing NIR extinction. In larger aggregates of many nanospheres, the SPR also 
                                                 
5 Large parts of this chapter were were written by Sai Gourisankar, B.S.E. and submitted as part of his 
requirements for his undergraduate Honors Thesis: Gourisankar, S. Structure and Assembly of Gold 
Nanoclusters for Biomedical Imaging Applications. B.S. Honors Thesis, University of Texas at Austin, 
2015. 
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depends on the number of particles, N, in the ensemble. The SPR can be modeled as N 
interactions of dipoles; the red-shift and breadth of the NIR extinction increases with N.
2 
 
The SPR effect can be described as the coupling or resonance of two neighboring 
dipoles.
2
 A higher-energy resonance, the transverse surface plasmon resonance (TSPR), 
occurs when the electric field aligns perpendicularly to the dipole moments.
2, 8
  A lower-
energy resonance, the longitudinal SPR (LSPR), occurs when the field interacts parallel 
to the dipole moments. Typically, the TSPR absorbs radiation at ~520 nm wavelength for 
gold nanospheres, while the wavelength of LSPR extinction can be anywhere in the NIR, 
depending on the length and aspect ratio of the elongated structure, for example a 
nanochain or nanorod.
5, 6, 8
 Hybridization of these modes with multipolar interactions can 
cause further spectral shifts.
2
 
 We assembled highly asymmetric ~45 nm diameter gold nanoclusters of many ~ 5 
nm diameter primary nanospheres that display high NIR extinction. The nanoclusters 
were assembled using a previously reported procedure11 from primary ~5 nm gold 
nanospheres coated with three different amino acid ligands: lysine, cysteine, and 
glutathione. Varying amounts of a triblock copolymer, PLA(1K)-PEG(10K)-PLA(1K), 
were added to the system to modulate steric repulsion and depletion-attraction forces 
between primary nanospheres. The results and discussion examine the morphology of 
nanoclusters produced and their impact on the SPR and NIR extinction. The broad NIR 
extinction seen in some of the nanoclusters is attributed to data indicating a small d/D 
ratio as well as the unique, fractal or chain-like morphology able to support the broad 
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LSPR mode. A mechanism is presented to explain the morphology seen, and design 
recommendations are given.  
A.2 EXPERIMENTAL AND METHODOLOGY 
A.2.1 Materials: 
Sodium citrate (Na3C3H5O(COO)3•2H2O) and sodium borohydrate (NaBH4) were 
obtained from Fisher Scientific (Fair Lawn, NJ). HAuCl4•3H2O was purchased from MP 
Biomedicals LLC (Solon, OH). L-(+)-Lysine, Glutathione, and L-(+)-Cysteine were 
purchased from Acros Chemicals (Morris Plains, NJ). PLA(1K)-PEG(10K)-PLA(1K) 
was purchased from Sigma-Aldrich (St. Louis, MO).  
A.2.2 Synthesis of 5 nm Citrate-Capped Gold Nanospheres: 
As described in Murthy et al.,
11
 citrate capped gold nanospheres were synthesized 
by reducing HAuCl4 with NaBH4 and purifying by tangential flow filtration, resulting in 
~20 mL of 3 mg/mL aqueous gold solution. 
A.2.3 Place Exchange Reaction with Lysine, Citrate, or Glutathione: 
A solution of 3 mg/mL citrate-capped gold was reacted with: i) 9/1 mol:mol ratio 
of lysine:citrate at room temperature for 12 hours to produce lysine/citrate capped  5 nm 
nanospheres; ii) 0.7/1 mol:mol ratio of cysteine:citrate at room temperature for 12 hours 
to produce cysteine/citrate capped 5 nm nanospheres; and iii) 5/1 mol:mol ratio of 
glutathione/citrate for 12 hours to produce glutathione/citrate capped gold nanospheres. 
The three different ligands used in this study are shown below at protonation states at pH 
5.  
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A.2.4 Nanocluster Formation: 
PLA(1K)-PEG(10K)-PLA(1K) was dissolved in water to form a 30 mg/mL 
solution and titrated with 10 M NaOH to pH 7. Various mass/mass ratios of polymer/gold 
were added each ligand’s 3 mg/mL solution of ligand-exchanged 5 nm primary 
nanospheres. The solution was then titrated quickly (within a few minutes) to either pH 5 
with 0.1 M HCl. “Mixing” Method: Nanocluster solutions made at 0.1/1 polymer/Au 
were immediately diluted with the 30 mg/mL polymer solution to reach a 10.1/1 
polymer/Au final ratio and a 0.3 mg/mL gold concentration. Nanocluster solutions made 
with a 1/1 polymer/Au ratio were immediately diluted with deionized water to reach a 1/1 
polymer Au final ratio and a 0.3 mg/mL gold concentration. “Evaporation” Method: 
Nanocluster solutions made with a 5/1 polymer/Au ratio were placed, stirring, under a 
continuous air stream at 40OC to evaporate 50% of the solvent for the pH 5 lysine/citrate 
particles, and 100% of the solvent for all other samples.  After evaporation, the 
nanocluster solution was diluted with deionized water to reach 0.3 mg/mL gold 
concentration.  
All samples were filtered through a 100nm poly(vinylidene difluoride) filter. 
A.2.5 Small-Angle X-Ray Scattering (SAXS):  
50 μL of each sample was loaded in a quartz 0.1 mm cuvette and shipped to the 
Center for Functional Nanomaterials at Brookhaven National Labs, Brookhaven, NY. 
SAXS was run on a Bruker Nanostar U rotating copper anode instrument at a wavelength 
of 1.54 Å for one hour. Analysis was carried out using IgorPro software. SAXS can 
quantify the network-like nature of a nanocluster – how many chains branch off from a 
core – by providing a mass fractal dimension. The mass fractal dimension characterizes 
aggregate morphology in which the structure possesses self-similarity; i.e. under 
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increasing magnification the structure continues to look similar.
15
 Mathematically, if m is 
the mass of the nanocluster and r the radius, df is the fractal dimension (1< df <3) as 
given by the following expression.
16
 
                                                                 m(r) ∝ rdf     (A.1) 
A fractal dimension close to 3.0 implies spherical morphology while a fractal 
dimension close to 1.0 indicates rod-like morphology. By SAXS, a fractal structure will 




I(Q) ∝ q−df                  (A.2) 




sin(2θ) [=]nm−1                  (A.3) 
If ds represents the diameter of the primary nanosphere and dc the diameter of the 
cluster, the relationship remains valid only between ds-1< q < dc-1.  At q > ds-1, the 
scattering curve enters the so-called “Porod” regime, where for smooth spheres, the 
following relationship holds: 
     I(Q) ∝ q−4                   (A.4) 
The slope of -4 indicates the presence of distinct, smooth spherical surfaces in the 
nanostructure, far enough apart from each other to avoid interaction.  
A.2.6 Dynamic Light Scattering (DLS):  
Approximately 50 μL of each sample in 1 mL of DI H2O was loaded into a 
transparent quartz cuvette and characterized using a Brookhaven ZetaPALS analyzer with 
a scattering angle of 90OC and a laser wavelength of 660 nm. The data were analyzed 
 165 
using the Non-Negative-Least-Squares (NNLS) method (Brookhaven DLS software 
version 3.34) and the correlation function fit using a 32-channel autoslope analysis.  
A.2.7 UV-Vis-NIR Spectroscopy: 
UV-Vis-NIR spectroscopy of approximately 50 μL of each sample in 1 mL of DI 
H2O was loaded into a quartz cuvette and analyzed with a Varian Cary 60 
spectrophotometer with a path length of 1 cm. Extinction was normalized using the peak 
wavelength at 525 nm.  
A.2.8 Transmission Electron Microscopy (TEM): 
Images were taken on a 80 kV FEI Tecnai Transmission Electron Microscope 
using copper-coated carbon grids. 3 μL of sample was dropped on the grid, wicked with a 
KimWipe, and dipped in liquid nitrogen  to maintain 3-D structural integrity. The grids 
were dried using a VirTis AdVantage tray lyophilizer (VirTis, Gardiner, NY). All 
structural data was analyzed from many TEM images containing a total of 100 different 
particles. Diameters of asymmetric shapes were quantified using the largest dimension. 
From TEM images, the “circularity” of a particle can be measured. Circularity is defined 
below, in which Dmaximum refers to the longest dimension measured on a TEM image. 
A circularity of 1 indicates a perfect circle and a circularity of 0 a perfectly slender rod.
17
 
We note that circularity should only be considered for relative measurements and not as 
an absolute metric of geometry. Circularity of nanoclusters were obtained from structures 
larger than 6 nm only, to avoid counting primary Au nanospheres. 
 
  Circularity =
4∗Area of Nanocluster
πDmaximum
2                   (A.5) 
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A.2.9 Hi-resolution TEM (AC-TEM): 
Images were taken at the Center for Functional Materials, Brookhaven National 
Laboratory, Brookhaven, NY on a JEOL 2100F TEM at 200 kV.  
 
A.3 RESULTS AND DISCUSSION 
TEM images indicate that the choice of surface ligand influences the shape and 
internal structure of a nanocluster. The images below show representative examples of 
nanoclusters built from lysine/citrate, cysteine/citrate, and glutathione/citrate primary 
nanospheres. We can visually detect distinct primary nanospheres in the glutathione 
nanocluster (Fig. A.3E) but less so in the cysteine and lysine nanoclusters. Qualitatively, 
the interparticle spacing between primary nanospheres is higher for the glutathione (Fig. 
A.2E) and cysteine (Fig. A.3C) nanoclusters than for the lysine nanoclusters (Fig. A.3B, 
D, F). Both the glutathione (Fig. A.3E) and cysteine (Fig. A.3C) nanoclusters appear 
more compact in shape, (see insets in figure), compared to the branched or chain-like 
lysine nanoclusters (Fig. A.3B, D, F).  
Table A.1 quantifies that the nanoclusters assembled have similar volume-average 
diameters of ~45 nm. The circularities of cysteine and glutathione nanoclusters are higher 
than those for lysine, quantifying the shape difference seen in the TEM images. DLS 
measurements support the polydispersity seen in the TEM images; note that the intensity-
weighted distribution overestimates the proportion of larger particles by a factor of 
(diameter)
6
 and should only be considered as a general indication of the size range 
present. 
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The UV-VIs-NIR spectra below show a broad extinction in the NIR for lysine 
nanoclusters, but little red-shift for cysteine and even less for glutathione. All 
nanoclusters display a prominent peak at ~525 nm resulting from the TSPR mode; the 
spectrum of primary 5 nm gold nanospheres is shown for comparison. Cysteine and 
glutathione nanoclusters produced less NIR extinction as shown by the decrease in the 
extinction ratio A1000/A525 of absorbance at 1000 nm to that at 525 nm: cysteine 
nanoclusters, with 0.380, and glutathione nanoclusters, with 0.025, were much lower than 
the extinction ratios of lysine nanoclusters (A1000/A525 = 1.05, 0.904, and 0.732).   
Although SPR and NIR extinction depends on particle size, these extinction 
differences can be attributed to nanocluster structural properties – interparticle spacing 
and morphology – because TEM and DLS analysis demonstrated that the nanoclusters 
considered had similar sizes. SAXS analysis provides structural information and supports 
qualitative morphology analysis given by TEM data with regards to two key parameters, 
the interparticle spacing effect and the shape of the structure.  
The interparticle spacing d/D ratio must be small for the SPR red-shift. 
Theoretically, it is suggested that d/D must be close to 10% for the SPR.
13
 Experimental 
data support that theory: Lazarides et al. did not see an SPR shift until a d/D of 8%, for 
13 nm DNA-linked gold nanospheres separated by 1.1 nm.
14
 Lee at al. saw broad NIR 
extinction between 700 and 1300 nm for a quadrumer of gold nanospheres with a d/D of 
1.3%.
17
 Liz-Marzan did not see any red-shift of extinction between 600-900 nm for d/D 
greater than 7.5% of dimers of gold 20 nm nanospheres.
9
 Previous simulation studies 
confirmed and extended these results: Estaban et al. simulated the extinction of 40 nm 
gold nanospheres with a d/D of 2.5% that showed an SPR shift out to 800 nm.
18
 Lin et al. 
showed that a d/D of 15% for chains of 13 nm gold nanospheres did not show any NIR 




The scattering supports nanocluster formation, seen by DLS and TEM analysis, 
for lysine and cysteine by the rising intensity at low q in the SAXS profiles in Fig. A.5. 
However, scattering from assemblies of glutathione-coated nanospheres does not show 
evidence of dense, highly-interacting nanospheres within a nanocluster: the scattering 
profile almost exactly matches the scattering from 5 nm primary Au nanospheres. The 
large molecular dimension (0.94 nm) of the glutathione molecule prevents assembly into 
dense nanoclusters with small spacings. The expected thickness of two organic shells of 
glutathione molecules coating 5 nm nanospheres, 1.9 nm, is much greater than the 0.5 nm 
spacing needed (10% of the nanosphere diameter) for SPR of 5 nm nanospheres. UV-Vis-
NIR analysis supports the conclusion that glutathione is too long to produce the SPR red-
shift: the extinction ratio of 0.025 is close to that of primary nanospheres, 0. 014 (Table 
A.1 and Fig. A.4). TEM images from Fig. A.3E (and inset) display qualitatively larger 
spacings between glutathione nanospheres in an assembled nanocluster.  
The scattering for cysteine nanoclusters could indicate poorly-interacting 5 nm 
nanospheres spaced farther within a nanocluster. The small shoulder at q~1.6 nm-1 for 
cysteine indicates the presence of structures able to be distinguished as primary 
nanospheres; this analysis supports TEM qualitative conclusions about the greater 
spacing observed within cysteine nanoclusters. The lack of that feature for lysine 
nanoclusters could imply that the lysine nanospheres are in closer contact with a much 
smaller interparticle spacings, agreeing with the observations noted from the TEM 
images in Fig. A.3B, D, and F.  
High-resolution TEM images support the conclusion that lysine nanospheres are 
in close contact within a nanocluster. Fig. A.6 shows primary gold nanospheres along 
with one section of a lysine nanocluster. The lattice lines overlap neighboring 
nanospheres in the nanocluster, indicating that the gold surfaces are touching each other. 
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The interparticle spacing d therefore remains <10% of the particle diameter D, supporting 
the broad NIR extinction seen for lysine nanoclusters in Fig. A.4.  
The morphology of a nanocluster also contributes to its optical properties. Broad 
NIR extinction results from the longitudinal SPR mode, a resonance of surface plasmons 
parallel to the long axis of an asymmetric structure and parallel to the incoming 
radiation.
8
 This LSPR mode needs asymmetry, and can be seen dramatically in very 
asymmetric structures such as nanorods and nanochains.
5, 6, 9
 Chain-like structures have 
broad NIR extinction because that longitudinal SPR shift is maximized: the electric field 
can align with the long axis.
14
 Many have shown, by simulation and experiment, that 
longer chains resonate at higher wavelengths (greater red-shift and lower energies), while 
shorter chains resonate at lower wavelengths (smaller red-shift and higher energies). 
Estaban et al. used computer modeling of the electrodynamic equations to show that 
increasing chain length from 2 to 16 40 nm gold nanospheres increased red-shift from 
700 to 800 nm.
20
 Chains of several hundred nanometers formed from 15 nm citrate-
capped gold nanospheres had broad NIR extinction across the 600-1100 nm optical 
window as the growth increased.
21
 Herrmann et al. experimentally produced chains of 60 
nm gold nanospheres with constant spacings and found that the NIR extinction broadened 
as the chains grew.
22




Some of the most asymmetric structures include diffusion-limited-aggregates 
(DLA), “stringy,” “branched” or “tree-like” nanoclusters; these have shown some NIR 
extinction in previous simulation and experiment. Nanoclusters with fractal dimensions 
between 1.8 and 2.0, composed of 15 nm gold nanospheres spaced by 1 nm, had broad 
extinction between 500 and 650 nm by simulation studies.
13
 The NIR extinction of fractal 




longitudinal SPR shift across the entire NIR 600-1100 nm optical window has been 




A similar effect of polydispersity can be observed in our system. SAXS analysis 
quantifies the morphological differences observed in the TEM images in Fig. A.3 by the 
fractal dimension (Table A.1). The fractal dimensions for all the nanoclusters support a 
diffusion-limited aggregation (DLA) growth model.16 We note that the fractal 
dimensions by SAXS analysis are between 1.2 and 1.8; given the polydisperity observed 
by DLS and TEM analysis, these numbers can be considered similar with an error in 
fractal dimension of about 0.3. The cartoon below displays TEM projections of simulated 
diffusion-limited 3D aggregates at various fractal dimensions. The fractal dimensions 
calculated of lysine nanoclusters (1.2, 1.5, 1.8) quantitatively support the qualitative 
conclusion from the TEM pictures in Fig. A.3, quantitative TEM circularity analysis in 
Table A.1 that lysine nanospheres form branched, chain-like highly asymmetric 
nanostructures. The polydispersity of structures with low fractal dimensions give 
asymmetry to support the LSPR mode across the entire NIR window from 600 to 1100 
nm.  
The mechanism leading lysine nanospheres to assemble into elongated, chain-like 
structures could be attributed to dipole-dipole attractions between nanospheres. Dipolar 
interactions stemming from non-uniform surface coverage by ligands have been shown 
before to assemble gold nanoparticles into linear networks and chain-like aggregates.
24, 25, 
26, 27, 28, 29
 The binding affinity of the lysine molecule’s amine group to gold surfaces 
remains in question; exchange with citrate-capped primary gold nanospheres probably 
leads to non-uniform surface coverage of the lysine. The resulting dipole formed between 
the highly charged citrate and the zwitterionic lysine on opposite sides of the nanosphere 
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could influence network-like growth of asymmetric structures. We could still consider 
this model diffusion-limited, because the nanosphere surfaces are not fully covered with a 
repulsive ligand that influences a reaction-limited process.  
 
A.4 CONCLUSION 
 Gold nanospheres of 5 nm in diameter have been assembled into high-NIR 
~45 nm nanostructures in the presence of lysine. The asymmetry of the lysine 
nanospheres forming fractal nanoclusters with contacting gold surfaces contributes to the 
strong NIR extinction across the 600-1100 nm optical window, present even at the small 
size of ~ 45 nm. The molecular dimension of the glutathione ligand precluded any SPR 
shift because the interparticle spacing remained greater than 10% of the nanosphere 
diameter. The lysine nanoclusters merit further investigation because of their uniquely 
high NIR extinction for particles as small as ~ 45 nm: they could be useful for biological 








Figure A.1:  Gold nanoparticles in close contact exhibit surface plasmon resonance due to 






Figure A.2:   Ligands used in this study to exchange with citrate on the primary gold 
nanosphere surface and reduce electrostatic repulsion: A) Lysine, B) 
Cysteine; C) Glutathione. All are shown with appropriate charge at pH 5 
assembly conditions. molecular dimension from point of Au surface 
attachment, at thiol (-SH) or amine (NHx) bond. Internuclear lengths were 
calculated using the ACD/3D visualization program, which uses a 
proprietary 3D energy optimization algorithm based on CHARMM 
parametrization.
30 
































Figure A.3:  Moving left to right, TEM images of (A) 5 nm Au nanospheres; (B) 
lysine/citrate nanoclusters assembled at pH 5 at 5/1 polymer/Au; (C) 
cysteine/citrate nanoclusters at pH 5 at 5/1 polymer/Au; (D) lysine/citrate 
nanoclusters  at pH 5 at 1/1 polymer/Au; (E) glutathione/citrate nanoclusters  
at pH 5 at 5/1 polymer/Au; and (F) lysine/citrate nanoclusters  at pH 5 at 
0.1/1 polymer/Au, quenched in 10/1 polymer/Au.  
 
Nanoclusters with other ligands (C,E)   Nanoclusters with lysine nanospheres (B,D,F) 
 









Table A.1:    Properties of Nanoclusters: intensity-weighted hydrodynamic diameter size 
distribution, TEM volume-average diameter, TEM-obtained Circularity, 
UV-vis-NIR extinction ratio A1000/A525 of extinction at 1000nm to that at 
525nm, and fractal dimension obtained from SAXS. TEM average diameters 
and circularities were calculated based on 100 measurements taken at 
different TEM grid locations.   
Nanocluster 
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Figure A.4:  The UV-vis-NIR spectra of (A) 5 nm Au nanospheres; (B) lysine/citrate 
nanoclusters assembled at pH 5 at 5/1 polymer/Au; (C) cysteine/citrate 
nanoclusters at pH 5 at 5/1 polymer/Au; (D) lysine/citrate nanoclusters  at 
pH 5 at 1/1 polymer/Au; (E) glutathione/citrate nanoclusters  at pH 5 at 5/1 
polymer/Au; and (F) lysine/citrate nanoclusters  at pH 5 at 0.1/1 





Figure A.5:  The SAXS curves of (A) 5 nm Au nanospheres; (B) lysine/citrate 
nanoclusters assembled at pH 5 at 5/1 polymer/Au; (C) cysteine/citrate 
nanoclusters at pH 5 at 5/1 polymer/Au; (D) lysine/citrate nanoclusters  at 
pH 5 at 1/1 polymer/Au; (E) glutathione/citrate nanoclusters  at pH 5 at 5/1 
polymer/Au; and (F) lysine/citrate nanoclusters  at pH 5 at 0.1/1 
polymer/Au, quenched in 10/1 polymer/Au.  Curves are offset only for 






Figure A.6:  High-resolution TEM images of (A) primary 5 nm Au nanospheres; and (B) 
lysine/citrate nanoclusters at pH 6 at 1/1 polymer/Au.  
 
 
Figure A.7:  Schematic of sample fractal dimensions and simulated diffusion-limited 
aggregates: (A): Df = 2.80; (B): Df = 2.00; (C): Df: = 1.50; (D) Df = 1.10. The 
red arrow displays the range of fractal dimension of our nanoclusters. TEM 
1D representation of images generated with 500 monomers by DLA/TEM 
Software.
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A) Df = 2.80  B) Df = 2.00  C) Df = 1.50   D) Df = 1.10 
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Appendix B: Charged Gold Nanoparticles with Essentially Zero Serum 
Protein Adsorption in Undiluted Fetal Bovine Serum  
 
B.1  DETERMINATION OF LYSINE/CITRATE AND CYSTEINE/CITRATE RATIOS BY XPS  
The lysine/citrate ratios on the surface of Au nanospheres with lysine/citrate feed 
ratios of 4.5/1 and 9/1 were determined from the integration of the N 1s and O 1s peaks 
in the XPS spectrum.  Lysine contains 2 N and 2 O atoms, while citrate has 7 O and 0 N 
atoms.  As a result, we set up the following system of simultaneous equations: 
 
2yL = yN                        (B.1) 
  2yL + 7yC = yO     (B.2) 
 
Here, yL is the molar fraction of lysine, yN is the molar fraction of nitrogen, yc is 
the molar fraction of citrate, and yO is the molar fraction of oxygen.  For the nanospheres 
synthesized with a feed ratio of 4.5/1, integration of the N 1s and O 1s spectra yielded an 
average N/O ratio of 0.12, and thus a lysine/citrate ratio of 0.5. From the integration of 
the N 1s and O 1s spectra shown in Figure 3.2, we get an average N/O ratio of 0.28, and 
thus a lysine/citrate ratio of 1.4.   
The cysteine/citrate ratios on the surface of the Au nanospheres synthesized with 
cysteine/citrate feed ratios of 0.3/1 and 0.7/1 were determined from the integration of the 
N 1s and O 1s peaks in the XPS spectrum, in a manner similar to that of lysine/citrate 
nanospheres. Cysteine contains  1 N and 2 O atoms, while citrate has 7 O and 0 N atoms. 
Thus, Equations B.1 and B.2 become: 
 
ycys = yN                  (B.3) 
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2ycys + 7ycit = yO               (B.4) 
 
Here, ycys is the molar fraction of cysteine, and ycit is the molar fraction of citrate. 
For a cysteine/citrate feed ratio of 0.3/1, integration of the N 1s and O 1s spectra yielded 
an average N/O ratio of 0.11, corresponding to a cysteine/citrate ratio of 1.0.  For the 
0.7/1 cysteine/citrate feed ratio, the average N/O ratio was 0.15, corresponding to a 
cysteine/citrate ratio of 1.6. In both cases, the ratios of N and O to Au were not 





B.2  CORRELATION OF XPS AND ZETA POTENTIAL RESULTS 
 
The reduction in nanosphere zeta potential after ligand exchange can be correlated 
to the XPS results on the mixed charge monolayers, as shown in Table B.1. 
Approximately 196 citrate ligands are present on the surface of the citrate-capped 
nanospheres,
3
 which corresponds to 196 × 3 = 588 negative charges. Ligand exchange 
with lysine replaces 3 negative charges with one positive charge, and ligand exchange 
with cysteine replaces 3 negative charges with a net neutral charge. Thus, for the 
lysine/citrate nanospheres, the number of charges N on the nanosphere was determined 
by: 
 
N = 3x-y           (B.5) 
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where x is the number of citrate ligands and y is the number of lysine ligands. For the 
cysteine/citrate monolayers, the number of charges N is determined by: 
 
N = 3x                  (B.6) 
 
The calculated values of N is then compared to the value of 588 for citrate-capped 
nanospheres, in order to determine the percentage of negative charge retained on the 
nanosphere for each mixed charge monolayer. This number compares exceptionally well 
with the percentage of negative charge retained as determined by zeta potential 
measurements, as shown in Table B.1. 
 
B.3  DESCRIPTION OF PREVIOUS CELLULAR STUDIES 
 
Solid gold nanoparticles have been shown to aggregate within cellular 
endosomes.
5,6
 In a previous study, however, we have demonstrated the cellular 
dissociation of ~80 nm nanoclusters within J477A murine macrophage cells.
2
 
Hyperspectral  imaging indicated that over a period of 168 h, the scattering spectra 
shifted significantly out of the NIR region. Moreover, TEM analysis of cells indicated 
that dissociation of nanoclusters occurred, as ~80 nm nanoclusters which were visible in 
TEM images after 24 h, but only sub 5 nm Au nanoparticles were visible in cells after 
168 h of incubation. As a result, this previous study provided proof of dissociation of 






Figure B.1   XPS spectra of (a) O 1s for 1.4/1 lysine/citrate nanospheres, (b) N 1s for 
lysine/citrate, (c) O 1s for 1.6/1 cysteine/citrate nanospheres, and (d) N 1s 





Figure B.2    DLS size distributions of GSH-capped nanospheres before (solid green 











Figure B.4    (a) O 1s and (b) N 1s XPS spectra for nanospheres synthesized with a 







Figure B.5   (a) O 1s and (b) N 1s XPS spectra for nanospheres synthesized with a 







Figure B.6    DLS size distributions before and after incubation in 100% FBS for (a) 0.5/1 
lysine/citrate nanospheres and (b) 1.0/1 cysteine/citrate nanospheres 
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Table B.1     Correlation of XPS and zeta potential results for nanospheres capped with 
mixed-charge monolayers. 


















Citrate n/a 588 100% -58.4 ± 5.3 100% 
Lysine/Citrate 0.5 327 56% -28.9 ± 3.9 49% 
Lysine/Citrate 1.4 131 22% -16.1 ± 2.9 28% 
Cysteine/Citrate 1.0 290 49% -28.8 ± 3.2 49% 
Cysteine/Citrate 1.6 228 39% -21.6 ± 1.7 37% 
 
Table B.2     Centrifugation yields for mixed-monolayer capped nanospheres after 
incubation in 100% FBS for 4 h at 37 °C. 




0.5 7.7 ± 3.8 53.9 ± 13.1 
Lysine/Citrate in 
FBS 
1.4 3.9 ± 2.1 26.3 ± 5.8 
Cysteine/Citrate in 
FBS 
1.0 8.8 ± 5.8 39.2 ± 13.0 
Cysteine/Citrate in 
FBS 






Table B.3  Centrifugation yields for mixed-monolayer capped nanospheres in water  
Ligands XPS Ligand Ratio Au mass yield in 
pellet (%) 





Table B.4  Reproducibility of 0.5/1 lysine/citrate nanospheres 
Sample Zeta Potential (mV) DLS (nm) 
1 -28.8 ± 5.0 4.7 ± 1.1 
2 -26.4 ± 0.4 5.4 ± 1.3 
3 -31.6 ± 6.3 4.8 ± 1.2 
 
Table B.5  Reproducibility of 1.4/1 lysine/citrate nanospheres 
Sample Zeta Potential (mV) DLS (nm) 
1 -16.0 ± 6.6 4.6 ± 1.0 
2 -15.3 ± 1.2 4.4 ± 1.1 
3 -17.0 ± 0.9 4.7 ± 1.2 
 
Table B.6  Reproducibility of 1.0/1 cysteine/citrate nanospheres 
Sample Zeta Potential (mV) DLS (nm) 
1 -29.9 ± 4.3 4.5 ± 3.4 





Table B.7  Reproducibility of 1.6/1 cysteine/citrate nanospheres 
Sample Zeta Potential (mV) DLS (nm) 
1 -22.2 ± 2.7 3.6 ± 2.2 
2 -21.0 ± 0.6 3.1 ± 2.8 
 
Table B.8  Full DLS distribution data for 1.4 lysine/citrate nanospheres in 100% FBS 
Diameter (nm) Relative Volume % Cumulative Volume % 
1 0 0 
2 0 0 
3 100 81 
6 19 97 
10 4 99 
18 1 100 
32 0 100 
56 0 100 
 
Table B.9  Full DLS distribution data for 1.6 cysteine/citrate nanospheres in 100% FBS 
Diameter (nm) Relative Volume % Cumulative Volume % 
1 0 0 
2 32 20 
3 100 85 
6 19 97 
10 4 99 
18 1 100 
32 0 100 
56 0 100 
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Appendix C: Equilibrium Gold Nanoclusters Quenched with 
Biodegradable Polymers 
 
C.1  SYNTHESIS OF CITRATE-CAPPED GOLD NANOSPHERES 
Citrate-coated gold nanospheres were synthesized by adapting a synthesis route 
which has been described previously.
1, 2
 Here, 3 L of deionized water was heated to ~ 97 
°C.  Aqueous solutions of 1% (w/v) HAuCl4·H2O, 1% (w/v) Na3C3H5O(COO)3·2H2O, 
and 0.075% (w/v) NaBH4 were prepared. 30 mL of each solution was added successively 
to the deionized water in 1 min intervals, while the solution was stirred vigorously. The 
resulting gold nanoparticle solution was allowed to cool to room temperature, and was 
then centrifuged in 250 ml centrifuge tubes at 8500 rpm for 10 min at 4 °C in an Avanti 
J-E centrifuge (Beckman Coulter, Brea, CA), in order to remove ~100 ml of the 3 L 
solution as large particles. The remaining supernatant (~0.02 mg Au/ml) was passed 
through a tangential flow filtration (TFF) setup (KrosFlo Research II, Spectrum Labs, 
Rancho Domingo, CA), using a polystyrene filter with a pore size of 10 kDa and a filter 
surface area of 1050 cm
2
. TFF processing removed water and excess reaction reagents 
from the nanoparticle solution, and resulted in ~100 ml of ~1 mg Au/ml solution. 15 ml 
centrifugal filter devices with a 30 kDa MW cutoff (Ultracel YM-30, Millipore, Billerica, 
MA) were used to additionally concentrate the nanoparticle solution. After centrifugation 
at 6000 rpm for 5 min, the resulting gold nanoparticle solution was adjusted with DI 





C.2  CITRATE AND CITRATE/LYSINE MONOLAYER CALCULATIONS 
 
The theoretical weight of a monolayer coverage of citrate ligands, as well as the 
theoretical weight of a citrate/lysine mixed monolayer, was compared to experimental 
data determined by TGA. In this calculation, the lysine/citrate ratio was 1.4, as 
determined experimentally by XPS. The saturation monolayer coverage of citrate on a 






  This value correlates 
to a citrate footprint value of 0.36 nm
2
/ligand. The number of citrate ligands comprising a 
monolayer on the gold nanoparticle surface is given by 
 








                                                      (C.1) 
 
where n is the number of citrate ligands, D is the diameter of the nanoparticle, and f is the 
ligand footprint.  Here, D is taken to be 5 nm and f is 0.36 nm
2
. The factor of 0.9 in the 
numerator of Equation S1 arises from the approximation of ligand attachment as close-
packed circles on a planar surface.
4
  Here, n is determined to be 196 citrate 
ligands/nanoparticle, which corresponds to ~4.7% w/w on a 5 nm gold particle, in 
reasonable agreement with the TGA result of 4%. In order to calculate the theoretical 
weight of monolayer coverage after lysine exchange with citrate, the lysine/citrate ratio 
of 1.4 determined by XPS was used. Since the TGA ligand weight % does not increase 
from 4% upon the addition of lysine, we can rule out any electrostatic binding between 
the anionic citrate and cationic lysine, and thus assume that one lysine ligand displaces 
one citrate ligand, such that the effective footprint for a lysine ligand is also 0.36 
nm
2
/ligand. Assuming that n remains constant at 196, a lysine/citrate ratio of 1.4 indicates 
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that the nanoparticle surface contains 114 lysine ligands and 82 citrate ligands, which 
translates to 4.1% w/w of a 5 nm gold nanoparticle, in very good agreement with the 
TGA result of 4% w/w. Thus, a monolayer of citrate/lysine may be assumed to be present 
on the nanoparticles after ligand exchange. 
 
C.3  CALCULATION OF EXTINCTION COEFFICIENTS 
The relationship between extinction and the extinction coefficient is given by the 
Beer-Lambert law: 
A(λ) = ε(λ)Cl                                                            (C.2) 
where A is the measured extinction at a given wavelength λ, ε is the extinction coefficient 
at that wavelength, in cm
2
/mg, C is the concentration in mg/ml, and l is the path length in 
cm.  For all measurements in this study, the path length is 1 cm.  Extinction and 
extinction coefficient values in this study are determined for a wavelength of 800 nm.   
 
C.4  XPS DETERMINATION OF LIGAND RATIO 
 
In order to determine the ratio of lysine/citrate ligands, XPS spectra were 
recorded for primary gold nanospheres after ligand exchange.  Integration of N 1s and O 
1s peaks was conducted in order to determine the atomic percentages of N and O atoms 
on the surface of the gold nanospheres. Lysine contains 2 N atoms and 2 O atoms (and 
has been shown to have a XPS N/O intensity ratio which corresponds favorably to 1/1
5
), 
whereas citrate contains 7 O atoms and no N atoms.  Thus, the following system of 
simultaneous equations can be set up: 
2yL = yN                  (C.3) 
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  2yL + 7yC = yO                 (C.4) 
 
where yL is the molar fraction of lysine, yN is the molar fraction of nitrogen, yC is the 
molar fraction of citrate, and yO is the molar fraction of oxygen.  We then define the N/O 







                                                       (C.5) 
 
Equation C.4 thus provides a simple algebraic expression for the lysine/citrate 
ratio.  From the N 1s and O 1s peak integrations, we have a N/O ratio of 0.28, and thus a 
lysine/citrate ratio of 1.4. We did not attempt to determine ratios of N and O to Au, as the 




C.5  CHARGE SCREENING CALCULATION 
In order to determine the percentage of charge retained in the nanoclusters, the 
number of negative charges in a cluster of n primary particles was determined from zeta 
potential measurements.  This value was then compared to the total theoretical number of 
negative charges on n primary particles, derived from the primary particle zeta potential.  
In order to determine the number of negative charges in a cluster, the charge on a 




Q = 4πϵrϵ0ζRC(1 + κRC)                                (C.6) 
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Here, Q is the charge on the nanocluster (in C), ϵr is the dielectric constant of the 
medium (80 for aqueous solvents), ϵ0 is the permittivity of free space, ζ is the zeta 
potential, Rc is the nanocluster radius, and κ is the inverse Debye length. For a salt 




. In order to calculate the number of charges in a 
nanocluster, Q was divided by e, the unit of elementary charge. The relationship 
presented in Equation C.6 can explain the increase in number of charges per cluster even 
when the measured zeta potential magnitude decreases, as shown in Table 4.4. Since Q is 
quadratically proportional to the cluster radius, but only directly proportional to the zeta 
potential, an increase in cluster radius can result in an increase in nanocluster charge even 
when the zeta potential magnitude is decreased.   
  The theoretical number of charges was calculated by first determining the 







× 0.72                                                  (C.7) 
 
where n is the number of primary particles in a nanocluster, Rc is the nanocluster radius, 
R is the primary particle radius (2.5 nm in our case), and 0.72 is the packing fraction 
assuming closely-packed primary particles within a cluster. The charge on a primary 
particle is calculated by using Equation C.5, with values for zeta potential and radius for 
the primary particles. The percentage of charge retained was calculated by dividing the 
number of negative charges on a nanocluster by the theoretical number of charges for n 
particles, and these results are presented in Table 4.4. 
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C.6  EQUILIBRIUM MODEL DETAILS 
 
In order to generate the size contours presented in Figure 4.9, gold and polymer 
concentrations, and thus volume fractions, were related to the equilibrium cluster size n
*
 
through Equation 4.5.  Here, the attraction magnitude a within a nanocluster was 
calculated from the sum of the van der Waals attractive interaction potential and the 
depletion interaction potential. The van der Waals interaction potential is given by
7
:   
 












)]                  (C.8) 
 
Here, R is the primary nanoparticle radius, H is the interparticle surface-surface 
separation distance, and Agwg is the Au-Au Hamaker constant in an aqueous medium.
8
  
An interparticle distance of 1 nm is assumed within a nanocluster, and thus Vvdw is -
3.01kbT. The interparticle distance of 1 nm is a reasonable assumption given that the 
sensitivity of the free energy model is relatively low for interparticle distances up to 5 
nm. Here, 5 nm is the maximum assumed interparticle distance given the strong NIR 
extinction exhibited by the nanoclusters. When the interparticle distance is increased 
from 1 nm to 5 nm, the predicted size at, for example, a cp of 20 mg/ml and a cAu of 1 
mg/ml decreases from 38.9 nm to 35.9 nm, and the predicted size at a cp of 80 mg/ml and 
a cAu of 4 mg/ml decreases from 19.2 nm to 18.4 nm. Thus, the decrease in size is ~4-8% 
due to the increase in assumed interparticle spacing, within the error of DLS 
measurements.   






0.583                                                    (C.9) 
 
where Rg = Rh/0.64.
9
 
The depletion potentials calculated for different experimental polymer 
concentrations are shown in Figure C.3. The depletion component of the attraction a in 
Equation 4.4 is calculated by assuming an interparticle distance of 1 nm. Thus, a is the 
sum of the depletion and van der Waals attractions. 
The entropic contributions of counterion dissociation from the charges on the gold 




    FE = 2ncq [ln (
q
q0
) -1]           (C.10) 
 
where q0 represents the charge on the gold particle where the cluster free energy is 
minimized for weakly-charged systems
10, 11
 and can be related to the number of 
dissociable ion sites per gold primary particle and gold volume fraction, as described 
below. 
Nanocluster charge q (or q0) depends on both the number of dissociable sites σs 
and on the particle volume fraction Au, due to the greater entropic gains upon counterion 
dissociation in more dilute systems.
10, 11









                                                 (C.11) 
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In Equation C.11, R is the radius of the primary nanoparticle, b is the distance 
between opposite charges in an ionic bond, σ is the density of dissociable ion sites on a 
primary particle, equivalent to the effective charge density on a primary gold 
nanoparticle, s is the surface area of a primary nanoparticle, and Δϵ is the dissociation 
energy of an ion pair, which can be expressed as Δϵ = λb/b, where λb is the Bjerrum 
length.  At room temperature, λb = 56/ϵr nm, where ϵr is the dielectric constant.
10
 The 
value of σs was determined to be 2.78, using Equation C.5.  Equation C.11 is used to 
calculate the charge per particle in a cluster, which is then fed into Equation 4.4.  The size 
contours in Figure 4.9 are subsequently generated.  The parameters used to generate these 
contours are given in Table C.1.    
 
C.7  REDUCED DIELECTRIC CONSTANT OF WATER IN CLUSTERS 
 
The dielectric constant of liquid water is known to be significantly reduced when 
it is confined to nanometer length scales.
11-14
 This should be especially true in the small 
channels (less than ~1nm) between the closely spaced primary particles in the Au 
nanoclusters. A recent simulation study
12
 found that water’s dielectric constant is reduced 
to approximately a third of water’s bulk value in highly crowded systems, which is 
consistent with our choice of 25 for the model calculations in the present study. This has 
important energetic implications, e.g. enhancing ion pairing between the ligand charges 
on the gold nanoparticle surface and the counterions and hence decreasing the effective 
charge per particle q. With the low local dielectric constant, the Debye length is 
sufficiently large for long ranged repulsion to balance short ranged attraction and favor 







Figure C.1:   (a) DLS size distributions and (b) UV-Vis-NIR extinction spectra of citrate-
coated nanospheres (red, solid) and citrate/lysine coated nanospheres (green, 
dashed) after ligand exchange.  UV-Vis-NIR spectra were taken at a gold 

















Figure C.3:   Depletion potentials calculated for polymer concentrations identical to the 


























Figure C.4:  (a) DLS size distribution and (b) UV-Vis-NIR extinction spectrum of 
nanoclusters formed with a 6 mg/ml initial Au concentration and a 16/1 













Figure C.6:   Histograms of nanocluster diameters obtained from TEM image analysis of 
(a) 20-0.9 particles, where 31 particles were analyzed from 14 separate 
images from one grid (b) 20-1.7 particles, where 33 particles were analyzed 
from 18 separate images from one grid and (c) 20-4.0 particles, where 23 
particles were analyzed from 15 separate images from one grid. TEM 
images were taken of clusters with discernible boundaries. Grids in all cases 
showed minimal unclustered particles or exceedingly large clusters (relative 




Figure C.7:   Histograms obtained from TEM image analysis of (a) 10-1.7 particles, 
where 29 particles were analyzed from 19 separate images of one grid and 
(b) 50-1.7 particles, where 25 particles were analyzed from 23 separate 
images of one grid. TEM images were obtained in the same manner as in 




Figure C.8:   Intensity-weighted DLS DH distributions of (a) 20-0.9, 20-1.7, and 20-4.0 






Figure C.9:   (a) DLS DH distributions and (b) UV-Vis-NIR extinction spectra for 20-0.9 




Figure C.10: Reproducibility of DH distributions for three separate samples each of (a) 


























Figure C.12: TEM images of (a) Dissociated 20-4.0 particles after 48 h in pH 5 HCl and 




Table C.1:    TGA results reporting the organic mass content of 20-0.9, 20-1.7, and 20-4.0 
particles, as determined from the amount of mass loss.   







Table C.2: Parameters used to generate theoretical size contours in Figure 4.9 
Parameter Value 
Agwg (J) 4.0 × 10
-19 
Attractive VDW potential (-
avdw/kbT) 
3.01 
b (bond distance in ionic bond, 
nm) 
0.1 
σs(number of dissociable sites 
per particle) 
2.78 
R (radius of primary particle, 
nm) 
2.0 
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Appendix D: Quenched Assembly of NIR Active Gold Nanoclusters 
Capped with Strongly Bound Ligands by Tuning Particle Charge via 
pH and Salinity 
 
D.1 CYSTEINE/CITRATE PRIMARY NANOSPHERE CHARACTERIZATION 
 
Figure D.1: (a) DLS Dh distribution and (b) UV-Vis-NIR spectrum of primary 
cysteine/citrate capped nanospheres used in this study. 
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Appendix E: Formation of Small Gold Nanoparticle Chains with High 
NIR-Extinction through Bridging with Calcium Ions 
 
E.1 FIGURES AND TABLES 
Table E.1: List of interaction potential parameters used to calculate Velectrostatic, VvdW, 
Vbridging, and Vtotal. 
Name Parameter Value 
Particle Radius a (nm) 2.5 
Hamaker Constant for Water1 Awater (J) 3.74*10
-20 
Hamaker Constant for Gold2 Agold (J) 2.50*10
-19 
Hamaker Constant for Gold in Water A121 (J) 9.41*10
-19 
Boltzmann Constant kB (J/K) 1.38*10
-23 
Temperature T (K) 298 
Dielectric constant for vacuum ε0 8.9*10
-12 
Relative dielectric constant of the solvent εr 80 
Elementary charge of electron e (C) 1.6*10-19 
Avogadro’s number Na (mol
-1) 6.02*1023 
Valence of NaCl z (NaCl) 1 
Valence of CaCl2 z (CaCl2) 2 
Dissociation Constant for Na3 Kd (M) for Na 0.2 
Dissociation Constant for Ca3 Kd (M) for Ca 0.0007 
Proportionality Constant4 f  1.2 
Ionic strength of initial Na-citrate (without 
added electrolyte) 


















Figure E.1: TEM image of a) -45 mV, c) -34 mV, and d) -53 mV citrate-
capped primary Au particles. b) TEM size distribution of -45 













100 nm 100 nm 
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Table E.2: Summary of all samples detailed in this study measured immediately after 
being made. 
Concentration (mM) Time (s) A1000/525 DLS (nm) ζ (mV) 
-34 mV Citrate Particle Samples 
0.08 CaCl2 
30 0.023 7.2 -19.6 ± 1.1 
300 0.057 9.9 -30.7 ± 1.9 
600 0.089 14.9  
1800 0.186 29.1  
3600 0.257 44.03  
0.11 CaCl2 
1 0.023 8.7  
300 0.213 10.4  
600 0.301 34.7  
1800 0.584 51.0  
3600 0.686 57.3  
0.22 CaCl2 
1 0.095 4.6  
10 0.631 18.0  
20 0.853 21.0  
30 1.001 22.4 -31.8 ± 1.8 
60 1.103 22.6 -26.8 ± 2.9 
120 1.180 32.7  
180 1.154 36.7  
600 1.040 78.2  
1800 1.098 459.2  
3600 0.983 615.2  
0.30 CaCl2 
1 0.101 19  
300 1.094 35  
600 1.035 55  
1800 1.008 66  
3600 1.004 Aggr  
25 NaCl 
1 0.03 9.4  
300 0.02 15.12  
600 0.02 12.6  
1800 0.04 18.1  
50 NaCl 
30 0.02 16.4 -36.0 ± 3.1 
300 0.37 465.01 -46.9 ± 0.8 
600 0.32 630.87  




Table E.2, cont: Summary of all samples detailed in this study measured immediately 
after being made. 
75 NaCl 
1 0.44 26.7  
2 0.52 53.4  
3 0.62 66.7  
4 0.64 73.9  
5 0.97 107.8  
10 0.94 150.2  
20 0.92 187.4  
30 1.00 369.4 -27.6 ± 1.8 
60 1.05 497.9  
100 NaCl 1 0.87 75.8  
     
-45 mV Citrate Particle Samples 
0.05 CaCl2 
1 0.029 6.0  
300 0.033 7.6  
600 0.032 5.1  
1800 0.055 12.3  
3600 0.146 16.0  
0.08 CaCl2 
30 0.028 7.7 29.0 ± 1.6 
300 0.092 15.6 -33.2 ± 1.5 
600 0.136 25.8  
1800 0.231 31.3  
3600 0.348 46.0  
0.22 CaCl2 
1 0.518 20.2  
30 0.598 25.0 -31.8 ± 1.3 
60 0.679 33.4  
120 0.748 37.6  
180 0.791 41.0  
300 0.798 53.0 -23.9 ± 4.0 
600 0.821 67.4  
1800 0.850 57.2  
7200 0.880 109.0  
0.22 Ca(NO3)2 
1 0.66 36  
300 1.08 51  
600 1.03 64  
1800 1.00 86  
3600 Aggr Aggr  
0.50 CaCl2 
1 0.792 33  
300 0.910 229  
600 Aggr Aggr  
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Table E.2, cont: Summary of all samples detailed in this study measured immediately 
after being made. 
25 NaCl 
1 0.01 8.3  
300 0.03 14.3  
600 0.01 14.9  
1800 0.02 15.22  
50 NaCl 
30 0.01 26  
300 0.28 180.3 -40.4 ± 1.9 
600 0.22 605.1 -43.4 ± 0.6 
1800 0.02 Aggr  
75 NaCl 
1 0.16 50.9  
2 0.34 48.0  
3 0.37 53.2  
4 0.40 68.3  
5 0.60 140.9  
10 0.70 198.5  
20 0.80 171.6  
30 0.82 243.2 -36.0 ± 2.9 
60 0.84 679.2  
100 NaCl 1 0.49 61.5  
     
-53 mV Citrate Particle Samples 
0.22 CaCl2 
1 0.026 6.7  
300 0.042 6.6  
600 0.014 5.8  
1800 0.034 12.6  
3600 0.028 16.9  
1.50 CaCl2 
1 0.040 5.3  
300 0.075 10.2  
600 0.105 35.7  
1800 0.145 44.1  
3600 0.185 48.3  
2.10 CaCl2 
1 0.278 22.8  
300 0.988 133.6  
600 1.001 331.0  
1800 1.008 875.4  




Table E.2, cont: Summary of all samples detailed in this study measured immediately 
after being made. 
-35 mV (6x Washed from As-Prepared) Citrate Particle Samples 
0.22 CaCl2 
1 0.070 9.1  
10 0.756 17.6  
20 0.861 18.4  
30 1.062 18.0  
60 1.180 21.8  
120 1.164 28.5  



















Table E.3: A1000/525 and DH stability of nanoclusters made at pH 7 under different CaCl2 
and 75 mM NaCl concentrations after 5x dilution in DI water immediately 
after formation and after aging at RT for 20 days.  
 Initial 20 Days 
Sample A1000/525 DLS (nm) A1000/525 DLS (nm) 
-34 mV_0.22 mM CaCl2_120s 1.180 22.4 0.916 32.0 
-34 mV_0.22 mM CaCl2_300s 1.154 48.2 1.049 57.5 
-34 mV _75 mM NaCl_2s 0.52 53.4 0.467 441.2 
-45 mV _0.22 mM CaCl2_120s 0.679 37.6 0.692 28.0 
-45 mV _0.22 mM CaCl2_300s 0.835 49.5 0.816 46.9 




























Figure E.2: Non-normalized UV-vis-NIR absorbance spectra in the presence of 0.22 mM 
CaCl2 for a) -34 mV, and b) -45 mV, and c) -53 mV primary citrate 
particles, in this case with 2.1 mM CaCl2. d) UV-vis-NIR spectra for -34 











Figure E.3: High-Res TEM images of samples indicating fusion between -34 mV primary 
particles with a) 0.22 mM CaCl2
 
at 2 s, (b) 75 mM NaCl at 2. Lattice 















Figure E.4: a) UV-vis-NIR absorbance and b) hydrodynamic diameter of clusters made 
from -45 mV citrate with 0.22 mM CaCl2 or Ca(NO3)2 and harvested at 










Table E.4: Images taken from videos of cluster formation from -34 mV and -45 mV 









 NaCl Conc 
(mM) 






Table E.5: Images taken from videos of cluster formation from -34 mV and -45 mV 




















Table E.5, cont.: Images taken from videos of cluster formation from -34 mV and -45 mV 


















Table E.6: Representative TEM images of samples presented throughout the paper. In all 




Sample Representative TEM 1 Representative TEM 2 Representative TEM 3 












   





   











Table E.6, cont.: Representative TEM images of samples presented throughout the paper. 
In all cases the scale bar is 100 nm, expect where noted. 
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Table E.6, cont.: Representative TEM images of samples presented throughout the paper. 











































Table E.6, cont.: Representative TEM images of samples presented throughout the paper. 






























Table E.7:  DLS DH intensity-weighted distributions, TEM number average diameters 
from the sizing of 100 particle samples, and the resulting TEM number-
weighted distribution histograms for select samples 





TEM Number-Weighted Histogram 
1 -34 mV_ 
0.22mM 
CaCl2_10s 
18-34 (100%) 16.2 ± 8.8 
 
2 -34 mV_ 
0.22mM 
CaCl2_30s 
22-38 (100%) 24.3 ± 14.3 
 
3 -34 mV_ 
0.22mM 
CaCl2_60s 






Table E.7, cont.:  DLS DH intensity-weighted distributions, TEM number average 
diameters from the sizing of 100 particle samples, and the resulting TEM 
number-weighted distribution histograms for select samples 
4 -45 mV_ 
0.22mM 
CaCl2_30s 
25-49 (100%) 25.9 ± 10.7 
 





33.8 ± 19.5 
 












Table E.7, cont.:  DLS DH intensity-weighted distributions, TEM number average 
diameters from the sizing of 100 particle samples, and the resulting TEM 
number-weighted distribution histograms for select samples 
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Appendix F: New Perspectives on Nanocluster Dissociation 
 
F.1 DISCUSSION 
In chapter 3 of this thesis, “biodegradation” was characterized by the nearly 
complete loss of absorbance in the NIR region and decrease in the hydrodynamic size of 
nanoclusters back to primary spheres as seen in Figure 3.7. However, new results 
observed through the process of data collection and writing of Ch. 5 have cast some 
doubt regarding the accuracy of the DLS data in these tests. Firstly, these experiments 
were said to be run in pH 5 HCl. However, these solutions were tested with low-accuracy 
CardinalHealth pH indicator strips at the time which carries an uncertainty of ~ 1-2 pH 
units. Since then, low pH solutions were measured universally by a Mettler Toledo inLab 
Micro pH probe with accuracy down to the hundredth of a pH unit. This meter has 
revealed that previously used “pH 5” acid solutions may have actually been closer to pH 
3. Additionally, lysine/citrate nanoclusters showed more full dissociation via UV-vis-NIR 
measurements in accurately-measured pH 3 HCl solutions than at pH 5, suggesting pH 3 
was used in the experiments in Ch. 3 (Figure F.1a). These clusters were made by 
lowering the pH of 0.3 mg/mL 9/1 lysine/citrate Au particles to pH 3 and quenching back 
to pH 7 with 5:1 poly:Au within 1 second before lowering the pH of the solutions once 
again with HCl for dissociation testing. Hydrodynamic diameter measurements however 
did not support dissociation as the intensity-weighted DLS sizes were similar in both pH 
5 and pH 3 solutions after 24 hrs (Figure F.1b). Furthermore, in light of the findings in 
chapter 5, where direct evidence of particle fusion upon clustering occurs resulting in 
high-NIR, doubt now exists as to if citrate-capped nanoclusters can fully dissociate– 
consistent with the DLS results in Figure F.1a. If high-NIR extinction is indeed the result 
of fusion between nanoparticles, then reversibility of these clusters should not be 
possible.  
While definitive high-resolution TEM (HR-TEM) evidence is not available to 
prove the nanoclusters in Ch. 3 were indeed fused, low-res TEM images of the clusters 
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made from evaporation closely resemble the fused structures made from CaCl2 addition 
(Figure F.2a,b). Additionally, both clusters have similar NIR-extinction which could 
further suggest fusion, as is detailed in Ch. 5. Thus, if the clusters assembled in Ch. 3 
were fused, then the dissociation behavior observed could be due to a number of 
misinterpretations. Firstly, the nearly complete reversibility of the UV-vis-NIR extinction 
back to that of primary nanospheres for the clusters incubated in pH 3 HCl could be due 
to changes in cluster morphology instead of dissociation. Studies on gold nanostars have 
demonstrated that halide ions can cause structural reorganization toward spheres.1 
Similarly, TEM analysis of the 20-1.7 nanoclusters from Ch. 3 after 48 hr exposure to 
low pH HCl reveals populations of particles which are significantly more spherical than 
their original clustered state (Figure F.3a). This change in morphology to more 
symmetrical 30-50 nm nanospheres could result in a drop in NIR extinction to resemble 
that of the primary 5 nm spherical primary nanospheres. A complication of this theory 
arises due to the hundreds of ~3-5 nm primary particles which are also observable on 
these same TEM images (Figure F.3b). This indicates either true nanocluster dissociation 
or a complex renucleation phenomenon which could result from residual gold nuclei in 
solution undergoing reduction from excess citrate or NaBH4 and causing re-nucleation. 
An additional error in these tests could be due to inaccurate DLS analysis of the 
dissociating nanoclusters. Asymmetry in gold nanoparticles can lead to “phantom” DLS 
peaks at small sizes due to the software’s inability to decipher between rotational and 
translational diffusion.2 In the Brookhaven software used for testing, only models for 
spherical objects were available. As a result of this complication, NNLS DLS peaks at ~ 
5 nm sizes were present in nearly every sample of our asymmetric clusters (Figure F.4a). 
Therefore, as these sizes seemed unreasonable given the high-NIR extinction of the 
clusters being measured, non-traditional methods for fitting DLS ACF curves were 
applied to attempt to give more reasonable sizing values (Figure F.4b). In this method, 
the “baseline” of the ACF was fit at differing points along the ACF decay such that the 
low  part of the curve was fit well, while disregarding the long  decay times (Figure F.4c). 
As this method appeared to allow more reasonable volume-weighted size distributions for 
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high-NIR absorbing clusters, these methods were applied throughout Ch. 2-3; including 
the cluster dissociation. This method likely led to inaccurate results in hydrodynamic 
sizes over time. This led to our inaccurate belief that we had full dissociation of our 
clusters via DLS analysis. Accurate fitting methods involve using the “auto-fit” function 
available on the DLS software for fitting the NNLS, intensity-weighted distributions. 
This methodology was used for all of Ch. 4-5, as well as in Appendix A. Recently, these 
same data were re-fit using an accurate fitting technique and the results are shown in 
Table F.1, which shows no size decrease with time – indicating the clusters may not have 
undergone full dissociation. 
The identification of these errors has led to the conclusion that nanoclusters made 
with citrate as a primary ligand may not be capable of dissociation; or at least full 
dissociation. Work currently underway by Ehsan Moaseri suggests more complete 
dissociation has been observed using accurate methodologies for clusters made from 
particles fully capped with strongly-bound thiolated molecules. These ligands prevent 
interparticle fusion and therefore are reversible. Future studies into whether these clusters 
can achieve high-NIR at biologically relevant sizes and continue onto full dissociation are 























Sample Peak 1 Peak 2 
0 Hr 9.9 45.8 
pH 5 – 24 
hr 
7.1 70.4 




Figure F.1: A) UV-vis-NIR extinction showing the lack of dissociation of nanoclusters 
made from 9/1 lysine/citrate nanoparticles in pH 5 HCl (blue line), 
compared to pH 3 (purple). B) DLS intensity-weighted hydrodynamic 

























Figure F.2: TEM images of clusters showing apparent fusion. Clusters were made using 
the a) evaporation method and 9/1 lysine/citrate particles from Ch. 3 
(sample 20-1.7) or b) CaCl2 at pH 7 after 180 s of reaction time from Ch. 5. 

















Figure F.3: TEM of dissociated nanoclusters at two magnifications showing a) large 























Figure F.4: Screenshots from the Brookhaven dynamic light scattering software 
showing a) characteristic phantom peak (black circle) present in many 
nanocluster samples, b) non-traditional  manual fitting of an auto-
correlation function (ACF) used in Ch. 2-3, and c) a correct auto-fitting of 











Table F.1: Data from Ch. 3 “20-1.7” dissociation sample using our old and new DLS 
fitting methods showing little size change throughout dissociation for newly 
fit DLS curves. For entries with two rows, the first row is the size by volume 
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